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Summary 
The scientific and engineering interest in semiconductor photocatalysis has 
grown exponentially in the past few years due to its intriguing advantages over other 
traditional wastewater treatment processes. In a typical semiconductor photocatalytic 
process, a semiconductor photocatalyst is activated by the absorption of a suitable 
light, thus generating electron-hole pairs, in which holes can oxidize organic 
compounds while electrons can reduce metal ions present in the wastewater. The 
photoinduced electron-hole pairs can move freely to undergo charge transfer to the 
adsorbed species on the surface of semiconductor, while they may undergo volume 
recombination and give off heat. Therefore, the successful separation of photoinduced 
electron-hole pair is very important for photocatalytic reactions. Many researches have 
been done on the investigation of the photoactivity of semiconductors, among which 
TiO2 has been shown to be the most suitable photocatalyst for widespread 
environmental applications because it is biologically and chemically inert, resistive to 
photocorrosion and chemical corrosion, inexpensive and non-toxic. Although TiO2 is 
widely used as a suitable photocatalyst, it mainly absorbs ultra-violet light due to its 
large bandgap energy (3.2 eV), giving rise to a very low energy efficiency. Therefore, 
it is of great significance to modify the electronic structure and surface property of 
TiO2 so as to use visible light effectively.   
In this thesis work, several methods were used to modify TiO2 with a primary 
objective of developing visible-light-responsive TiO2-based photocatalysts. The 
photocatalytic activities of the catalysts were investigated for the degradation ofa 
couple of organic compounds under visible light irradiation. Meanwhile, the design 
and simulation of a Taylor Vortex Photoreactor was conducted. 
  x 
The sol-gel method was employed to dope metals into TiO2. The photocatalytic 
data for the degradation of benzoic acid showed that the modified TiO2 photocatalysts 
displayed activities only under UV light irradiation. F-doped TiO2 photocatalysts with 
a flower-like morphology were prepared by a one-pot hydrothermal synthesis method. 
The photocatalytic results for the degradation of methylene blue under visible light 
irradiation showed that while doping of F did not shift the optical absorption edge to 
the visible light region, F-doped TiO2 showed photoactivities under visible light 
irradiation because of the presence of defects due to interstitial substitution of O by F. 
Polycrystalline Bi12TiO20 photocatalyst, which is responsive to visible light irradiation 
below 500 nm, was prepared by a simple solid-state reaction method. Its photocatalytic 
activity was investigated by using photooxidation of methanol. The observed high 
photocatalytic activity of Bi12TiO20 is attributed to its band structure, in which 
hybridization of Bi 6s with O 2p increases the mobility of photogenerated carriers. V-
ion-implanted P25 TiO2 pellets and thin films were also prepared by the metal ion 
implantation and ion cluster beam methods. They were observed to be 
photocatalytically active for the degradation of formic acid under visible light 
irradiation (λ> 450 nm). A Taylor Vortex Photoreactor was designed and simulated 
using a commercial software FLUENT®. The reactor consists of two co-axial 
cylinders. When the inner cylinder is rotated at a certain speed, the unsteady flow 
within the annulus allows the fluids to recirculate from the vicinity of the rotating inner 
cylindrical surface to the stationary outer cylindrical surface of an annulus. Such 
arrangement helps minimize the mass transfer resistance. 
 
Keywords: Photocatalysis, wastewater treatment, metal-doped TiO2, F-doped TiO2, 
Bi12TiO20 photocatalyst, V-ion-implanted TiO2, Taylor Vortex Photoreactor. 
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1.1 Wastewater Treatment 
Water resource is one of the most important resources for human being, as 
well as animals and plants in the world. With the rapid development of science and 
technology, many industries such as chemical, petrochemical, pharmaceutical, 
mining, semiconductor and microelectronics are set up worldwide. Each of these 
industries requires large quantity of water for processing and water discharged from 
these industries is contaminated with toxic organic pollutants. In addition, the 
increasing population of the world is also escalating the requirements of pure water 
for drinking and household purpose. The high population density and the level of 
industrialization have triggered the hydrosphere to be polluted with inorganic and 
organic mater at an increasing rate. Moreover, to fulfill the growing demand of food 
supply for increasing population of the world, a lot of pesticides, herbicides are used 
in agricultural purposes, which also aggravate the scarcity if clean water. More 
importantly, environmental regulation is also becoming stringent day by day to keep 
environment friendly for human being. To overcome the water pollution problems, 
and to meet stringent environmental regulations, scientist and researchers have been 
focusing on the development of new or improvement of existing water purification 
process. On the other hand, awareness has also increased about water pollution all 
over the world, and people have also started to realize that water is no longer an 
unlimited source.   
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An ideal water treatment process should have the capability to mineralize all 
the toxic organic components completely without leaving behind any harmful by-
products. In broader classification, biological, mechanical, thermal, chemical, or 
physical treatments, or their combinations may be applied to purify contaminated 
water. The choice of the proper water treatment process depends on the nature of the 
pollutants present in water, and on the allowable contamination level in the treated 
water. There are two main purposes of water treatment study – the reduction of 
contaminant level in the discharge stream to meet environmental regulation, the 
purification of water to ultrapure water in order to be able to use in semiconductor, 
microelectronic and pharmaceutical industries. Moreover, the cost effectiveness of the 
water treatment process also plays an important role in choosing the particular 
process. 
 Several wastewater treatment methods are currently in practice with varying 
degrees of success. Figure 1.1 illustrates a schematic representation of different 
treatment technologies (Chandrasekharaiah et al., 1994). Each process has some 
shortcomings. Air stripping processes, commonly used for the removal of volatile 
organic pollutants for aqueous media, merely transfer the pollutants from water phase 
to air phase rather than destroy them completely. Granular activated carbon (GAC) 
adsorption is a traditional method to remove the organic pollutants from wastewater. 
In the process of adsorption, the spent carbon must be either regenerated or 
incinerated, which converts adsorbed pollutants to innocuous by-product. 
Chlorination and ozonation are two water disinfection and destructive oxidation 
technologies in water treatment process. However, chlorination based water 
disinfection process may form potentially toxic disinfection by-products, such as 
trihalomethanes. Ozonation is considered a better water treatment process over 
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chlorination since it avoids the formation of disinfection by-products associated with 
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can generate cancer-causing agent. The incineration of organic waste was widely used, 
but it is not an ideal water treatment process since the incineration of many organic 
hazardous compounds can release other toxic components into the air. A relatively 
new class of technologies, mentioned as Advanced Oxidation Process (AOPs), 
evolved from research works has been considered to overcome many limitations of 
traditional wastewater treatment process. 
1.2 Photocatalysis for Wastewater Treatment 
Recent developments of chemical water treatment process have led to an 
improvement in oxidative degradation procedure for organic compounds dissolved or 
dispersed in aqueous media by applying photochemical or catalytic methods. They are 
generally referred to Advanced Oxidation Processes (AOPs) and are considered to be 
an alternative for conventional water treatment process recently. AOPs rely mainly on 
the formation of short-lived oxygen containing intermediates, such as hydroxyl 
radical (OH•) or superoxide (O2•-). The hydroxyl radical is highly reactive, non-
selective reagent that is easy to produce. These processes use traditional oxidants 
(H2O2 and/or O3) with additional stimuli such as ultra-violet (UV) light to create 
highly reactive species (hydroxyl radicals) to oxidize substances. AOPs are able to 
oxidize substances like saturated organic molecules and pesticides, which are very 
difficult to treat with other methods. These AOPs include H2O2/UV, O3/UV, 
H2O2/O3/UV, TiO2/UV and vacuum ultra-violet (VUV) process (Legrini et al., 1993). 
Among the AOPs, photocatalytic oxidation, due to its many unique features, 
sensitized by semiconductor photocatalyst such as TiO2/UV, has received 
considerable attention in recent years as an alternative for treating water polluted by 
toxic organic compounds. Photocatalysis differs from other AOPs because it employs 
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low energy UV-A light, and reusable catalysts, and it does not require addition of any 
other strong oxidants. In addition, photocatalysis can also use sunlight since about 3% 
of the solar spectrum reaching the earth is in the UV-A wavelength range. The 
advantages of photocatalysis over other conventional methods can be summarized as 
follows: 
1. Almost all organic pollutants including hydroxyl radical resistant, such as carbon 
tetrachloride, in wastewater can be mineralized. 
2. This process is known as green technology because degradation products (carbon 
dioxide, water and mineral acids) are environmentally harmless. 
3. Atmospheric oxygen is used as oxidant and no other oxidant is required. 
4. The photocatalysts are cheap, non-toxic, stable, biologically and chemically inert, 
insoluble under most conditions and reusable. 
5. Low energy UV light is used for photocatalyst activation and even solar light can 
be used (Minero et al., 2000). 
6. Economically it is comparable with activated carbon adsorption method for 
intermediate and large capacities (Ollis et al., 1989). 
A photocatalytic reaction is based on the irradiation of semiconductor 
particles, such as titanium dioxide (TiO2), by UV light which has energy more than 
the band gap energy of the semiconductor, defining as the energy gap between the 
valence band and conduction band of a semiconductor. Upon irradiation of the 
semiconductor by a suitable light, holes and electrons will generate within the 
semiconductor, and these holes and electrons can oxidize or reduce the adsorbed 
organic and inorganic compounds. 
Semiconductor photocatalysis has received great attention over the last twenty 
years due to its intriguing advantages for water purification since Fujishima and 
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Honda’s (1972) work on splitting water into hydrogen and oxygen using UV 
irradiated TiO2 electrode. Ollis and his co-workers (Purdan and Ollis, 1983; Ollis et 
al., 1984) realized the semiconductor photocatalysis as an emerging water purification 
technique by their established works using a great variety of organic compounds. 
Balke et al., (1997) illustrated 1200 references on this subject and included a vast list 
of chemicals in his article that can be treated by photocatalytic process. In a typical 
photocatalytic process, semiconductor photocatalyst and suitable light resource are 
two main factors which determine whether the reaction can be successfully carried out 
or not.  
1.3 Semiconductor Photocatalysts 
Semiconductor materials are particularly useful for photocatalytic process 
because of a favorable combination of electronic structure, light adsorption properties, 
charge transport characteristics and lift time of excited state. As semiconductor has 
specific electronic structure of a filled valence band and an empty conduction band, it 
can be used as photocatalyst. The valence band is the band made up of the completely 
occupied molecular orbital, low in energy. On the other hand, the conduction band is 
the band of the molecular orbital that are high in energy, sufficient to make the 
electrons free to move from atom to atom under the influence of applied energy. The 
energy gap between the conduction band and the valence band is called bandgap 
energy, Eg. It requires applied energy to promote electron from valence band to 
conduction band, and since the band gap energy is different for different 
semiconductors, the required energy is also different for different semiconductors.  
When a photon with sufficient energy activates the semiconductor, electron 
jumps from the filled lower energy valence band to higher energy empty conduction 
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band. Since the conduction band is only partially filled, the electron can move freely 
through the semiconductor lattice. On the other hand, the resulting vacancy of the 
electron in the newly partially filled valence band is also free to move. The vacancy or 
absence of an electron is usually referred to hole and it is designated by hvb+. The 
process of generation of electron and hole in the conduction and valence band of the 
semiconductor is shown in Figure 1.2.  
 Knowing the band gap energy of a particular semiconductor, the required 
threshold wavelength of light source can be easily calculated by a simple equation 
(1.1).  
λbg(nm) = 1240/Ebg (eV)                    (1.1) 
The wavelength of light source should be equal or less than the threshold wavelength 
of that corresponding semiconductor to activate it. It is seen from equation (1.1) that 
lower band gap energy of semiconductor is preferable as it can be activated by higher 










Figure 1.2 Photogeneration of electron-hole pairs 
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1.4 Visible-light-active Photocatalysts 
There are many semiconductors especially as metal oxides and sulfides such 
as TiO2, ZnO, ZnS, WO3, CdS, Fe2O3, etc. (Bekbolet et al., 1996; Keller et al., 2003;  
Kumar et al., 2003), which are commercially available and investigated in the 
literature in photocatalytic process. The band gap energies of several semiconductor 
photocatalysts are listed in Table 1. Of all the semiconductors tested in laboratory, 
TiO2 has been proven to be the most suitable for widespread environmental 
applications (Deng et al., 1998; Bahnemann et al., 2002; Arabatzis et al., 2003). 
Although the utilization of TiO2 semiconductor as a photocatalyst has recently 
attracted a great deal of attention, it can only absorb and utilize ultra-violet (UV) light 
shorter than 400 nm, which limits its further use in the visible light region. Figure 1.3 
shows the solar beam spectrum observed on the earth. Although several 
Table 1.1 Band gap energy of semiconductor photocatalysts 
Semiconductor Band gap (eV) Wavelength (nm) Energy (kcal/mol) 
SnO2 3.8 326 87.7 
ZnS 3.6 344 83.1 
ZnO 3.2 388 73.8 
WO3 3.2 388 73.8 
TiO2 3.2 388 73.8 
SrTiO3 3.2 388 73.8 
SiC 3.0 413 69.2 
CdS 2.5 496 57.5 
Fe2O3 2.3 539 53.1 
GaP 2.25 551 51.9 
CdSe 1.7 730 39.2 
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photocatalysts have band gap energy small enough to absorb visible light, most of 
them are not stable or show very small reactivity. 
To utilize more efficiently the solar energy, great efforts have been made to 
the design of photocatalysts that can operate under visible-light irradiation, in which 
modification of the electronic structure of the photocatalyst is indispensable. The 
following three approaches should be considered to control the electronic structure of 
semiconductor photocatalysts: (1) modification of the electronic structure by a metal 
ion implantation or metal doping; (2) formation of a new valence band instead of O 
2p by the addition of proper atoms; and (3) design and modification of the band 
structure by the formation of solid solutions. In addition, a simple and interesting 
approach to extend the photocatalyst absorption toward visible region is the 












Figure 1.3 Spectrum of the solar energy observed on earth (Yamashita et al., 2004a). 
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1.5 Objectives and Scope of this Thesis Work 
In this thesis work, several methods have been applied to the design of visible-
light-responsive photocatalysts. These methods include metal doping, non-metal 
doping, metal ion implantation, preparation of solid solution, and etc. The main 
purposes of this thesis work are: 
• to fabricate a series of photocatalysts with aforementioned methods and 
modify their crystallographic structures and electronic structures; and 
• to explore the possible reasons that the photocatalysts can exhibit higher 
photoactivity for degradation of organic pollutants. 
In addition, simulation of a Taylor Vortex photocatalytic reactor for water purification 
is conducted.  
1.6 Structure of Thesis 
This thesis includes nine chapters. With a brief introduction to the project in 
Chapter 1, Chapter 2 provides a literature review on the theoretical background and 
materials fabrication methods of modified TiO2 semiconductors. In the following 
chapters, different kinds of modified TiO2 prepared by different methods are 
discussed. The details of photodegradation of benzoic acid over metal-doped TiO2 are 
given in Chapter 3. In Chapter 4, the synthesis of self-organized flower-like F-doped 
hollow microspheres and their photoactivity for degradation of Methylene Blue (MB) 
are discussed. Chapter 5 describes the fabrication of a solid solution, Bi12TiO20, and 
its photoactivity for degradation of methanol under visible light irradiation. The 
enhancement of the photoactivityof P25 TiO2 pellet by ion implantation method and 
the fabrication of TiO2 thin film by the combination of ion implantation method and 
ion cluster beam method is discussed and their photoactivity for degradation of formic 
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acid under visible light irradiation is presented in Chapter 6. Subsequently, a Taylor 
Vortex photoreactor for degradation of organic pollutants is designed and simulated 
by using a commercial software FLUENT® in Chapter 7. Finally, in Chapter 8, the 

























2.1 Principles of photocatalysis 
The term photocatalysis consists of combination of photochemistry and 
catalysis which implies that light and catalyst are necessary to promote a chemical 
reaction (Kisch, 1989). The main difference of photocatalytic reaction with the 
conventional catalytic reaction is that catalyst is activated by light other than by heat. 
In general, photocatalytic process can be classified as homogeneous and 
heterogeneous photocatalysis based on the difference in phases of catalyst and the 
reacting species. In homogeneous photocatalysis, a powerful UV lamp is used to 
illuminate the contaminated water in the presence of Fe3+, O3, or H2O2 which act as a 
catalyst and the reaction take place in the bulk solution. On the other hand, 
heterogeneous photocatalysis can be defined as catalytic process during which one or 
more reaction steps occur by means of generation of electron-hole pairs by suitable 
light on the surface of the solid semiconductor materials. The distribution and 
utilization of light energy due to the presence of solid catalyst material in liquid or 
gaseous mixtures makes this process more complex compared with homogeneous 
process. This thesis is intended to investigate heterogeneous photocatalysis in 
degradation of organic pollutants in aqueous solution. 
2.1.1 Heterogeneous photocatalysis 
In heterogeneous photocatalysis, a redox reaction is mediated by a 
photocatalyst, which plays an important role in this reaction. As semiconductor has 
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specific electronic structure of a filled valence band and an empty conduction band, it 
can be used as photocatalyst. The energy gap between the conduction band and 
valence band is called band gap energy. Activation of a semiconductor photocatalyst 
could be achieved through the absorption of a photon of ultra-bandgap energy which 
results in the promotion of an electron, e-, from the valence band into the conduction 
band; at the same time, a hole, h+, is generated in the valence band (Mills et al., 1993).  
Once excitation of the semiconductor occurs across the band gap, there is a sufficient 
lifetime, in the nanosecond regime, for the created electron-hole pair to undergo 
charge transfer to adsorbed species on the semiconductor surface from solution or gas 
phase contact. If the semiconductor remains intact and the charge transfer to the 
adsorbed species is continuous and exothermic, the process is termed heterogeneous 
photocatalysis. The concentration of electron-hole pairs in a semiconductor particle is 
dependent on the intensity of the incident light and the semiconductor’s electronic 
characteristics that prevent them from recombining. Figure 2.1 shows the excitation of 
an electron from the valence band to the conduction band initiated by light absorption 
with energy equal to or greater than the band gap of the semiconductor. The 
photoinduced electron transfer to adsorbed organic species or to the solvent results 
from migration of electrons and holes to the semiconductor surface. The electron 
transfer process is more efficient if the species are pre-adsorbed on the surface 
(Matthews, 1988). While at the surface the semiconductor can donate electrons to 
reduce an electron acceptor (usually oxygen in an aerated solution) (pathway C); in 
turn, a hole can migrate to the surface where an electron from a donor species can 
combine with the surface hole oxidizing the donor species (pathway D). The 
probability and rate of the charge transfer processes for electrons and holes depends 
on the respective positions of the band edges for the conduction and valence bands 
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and the redox potential levels of the adsorbate species. In competition with charge 
transfer to adsorbed species is electron and hole recombination. Recombination of the 
separated electron and hole can occur in the volume of the semiconductor particle 
(pathway B) or on the surface (pathway A) with the release of heat.  
In classical heterogeneous photocatalytic process, the reaction itself occurs in 
the adsorbed phase and the overall process can be decomposed into following steps: 
1) Transfer of reactants from the bulk of fluid to the exterior surface of the catalyst; 
2) Transfer of reactants from the external surface of the catalyst into its pore structure; 
3) Adsorption of at least one of the reactants; 
4) Reaction in the adsorbed phase; 
5) Desorption of the products; 
6) Transfer of products out of the pore structure to the exterior of the catalyst surface; 








Figure 2.1 Schematic photoexcitation in a solid semiconductor (Linsebigler et al., 
1995) 
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2.1.2 Choice of photocatalyst and TiO2 
The adsorption of light of suitable energy by a semiconductor material induces 
the formation of electron-hole pairs. According to thermodynamics, in order to photo-
oxidize a chemical species, the potential of the valence band of the semiconductor 
must be more positive than the oxidation potential of the chemical species and to 
photo-reduce a chemical species, the potential of the conduction band of the 
semiconductor must be more negative than the reduction potential of the chemical 
species. For a semiconductor, in order to be active as a catalyst for photocatalytic 
reactions, the redox potential of the photoinduced valence band hole must be 
sufficiently positive to generate absorbed OH• radical, which can subsequently 
oxidize the organic pollutants, and the redox potential of the photogenerated 
conduction band electron must be sufficiently negative to be able to reduce absorbed 
O2 to superoxide.  
In view of the utilization of energy (solar or UV light), semiconductors with 
lower band gap energy are more desired; however, the low bandgap semiconductors 
usually suffer from serious stability problems. Such semiconductors show a tendency 
towards photoanodic corrosion. For example, the badgaps of p-type semiconductors 
are usually small, but most of them suffer serious stability problems. Therefore, p-
type semiconductors are rarely used as photocatalysts. It is generally found that only 
n-type semiconductor oxides are stable towards photoanodic corrosion, although such 
semiconductors usually have so large bandgaps that they can only absorb UV light 
(Mills et al., 1993; Mills and Hunte, 1997). The primary criteria for good 
semiconductor photocatalysts for organic compound degradation are that the redox 
potential of the H2O/•OH (OH- = •OH + e-; E0= -2.8 V) couple lies within the bandgap 
domain of the material and that they are stable over prolonged periods of time. To be 
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a good photocatalyst, some basic requirements must be met: 1) photoactive; 2) able to 
utilize visible and/or near UV light; 3) biologically and chemically inert; 4) 
photostable; 5) inexpensive.  
Among the semiconductors, such as ZnO, ZnS, WO3, CdS, Fe2O3, and TiO2, 
etc., which have been investigated and reported so far, few of them are appropriate for 
efficient photocatalytic reaction of a wide range of organic contaminants and TiO2 has 
proven to be the most suitable for widespread environmental applications (Hermann 
et al., 1983). ZnO is unstable with respect to inappropriate dissolution to yield 
Zn(OH)2 an the ZnO particle surface and thus leading to catalyst inactivation over 
time (Carrway et al., 1994; Hoffmann et al., 1995; Litter, 1999). Although WO3 can 
be activated in the visible light up to 500 nm but it is generally less photocatalytically 
active than TiO2 (Khalil et al., 1998; Ohno et al., 1998). Hematite (α-Fe2O3) is also 
absorptive in the visible range (absorption onset = 560 nm) but shows much lower 
photocatalytic activity than does TiO2 (Fox and Dulay, 1993). Although CdS exhibits 
not as photoactive as TiO2, it has been extensively studied because of its spectral 
response to longer wavelength in the solar spectrum. However its usage is limited due 
to photo-corrosion (Davis and Huang, 1991; Reutergardh and Iangphasuk, 1997). The 
photocatalytic activity of ZnS has not received as much attention as TiO2 because of 
its generally poor catalytic efficiency and photo-instability. 
Titanium dioxide (TiO2) is one of the best semiconductors for sensitizing 
reaction. It is biologically and chemically inert; it is stable with respect to photo-
corrosion and chemical corrosion; and it is inexpensive. In addition, when TiO2 is 
suspended in water, its surface is hydroxylated (Turchi and Ollis, 1989; Pelizzetti et 
al., 1993) and the hydroxyl groups are the source of the powerful hydroxyl radical that 
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can oxidize most of the organic compounds to CO2 and mineral acids (Mathews, 1984; 
Turchi and Ollis, 1990; Pelizzetti et al., 1993). 
It is no surprise that different titanium dioxide samples exhibit different 
photocatalytic activities towards the same organic substrate under identical reaction 
condition (Serpone et al., 1996). Such differences can be qualitatively attributed to 
differences in morphology, crystal phase, specific surface area, surface charge caused 
by an excess of cations or anions on the surface, presence of dopants and impurities, 
particle aggregate size and surface density of OH- groups in the TiO2 samples. TiO2 
primarily exists in two crystalline forms, anatase and rutile and in some cases brookite 
form also available. Its composition is temperature dependent. In most of the 
photocatalytic studies, anatase shows to be more photoactive compared with rutile 
(Augugliaro et al., 1990; Sclafani and Herrmann, 1996). Therefore, researchers have 
paid much attention on the study of the properties and photoactivities of anatase TiO2. 
Here, a commercially widely used TiO2, Degussa P25, must be mentioned due to its 
high photoactivity under UV light irradiation. In recent years, Degussa P25 has set the 
standard for photoactivity in laboratory investigation. Degussa P25 is a nonporous 
70:30 anatase to rutile mixture with a BET surface area of 55 ± 15 m2/g and crystallite 
sizes of 30 nm in 0.1 µm diameter aggregates (Hoffmann et al., 1995). 
2.1.3 Radiation sources 
Radiation sources play an important role in the performance of photocatalytic 
reaction. The choice of particular lamp is made on the basis of the reaction energy 
requirement of particular catalyst. Since the catalyst is solid particles and suspended 
in solution, the opacity, distribution, scattering effect and depth of penetration of 
radiation are to be taken into account in selection of lamp especially in the design of 
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photocatalytic reactor. The proper shape with proper radiation spectra of lamp is also 
to be considered in the photocatalytic reactor design. 
Commercially available different types of lamps radiate different range of 
wavelength of light. There are four types of radiation sources: 1) arc lamps, 2) 
fluorescent lamps, 3) incandescent lamps, and 4) lasers. In general, arc and 
fluorescent lamps are used for photocatalytic process for various reasons. In arc lamps, 
a gas activated by collisions with electrons accelerated by an electric discharge 
obtains the emission. The activated gases are mercury and/or xenon vapor. For 
mercury lamps based on the pressure of Hg, the lamps are classified as low pressure 
Hg lamps (pressure up to 0.1 pa, emission mainly at 253.7 nm and 184.9 nm), 
medium-pressure Hg lamps (pressure ranging from 100 to several hundred pa, 
emission from 300 nm to 1000 nm), high-pressure Hg lamps (pressure up to Mpa or 
higher, emission from 200 nm to 1000 nm). Generally, medium and high-pressure Hg 
lamps need to be cooled by air or circulating liquid around them. Filtering solution 
and glass filters are used to cut off particular wavelengths of light that should not 
reach the reaction medium. 
2.2 Mechanism of semiconductor photocatalysis 
The application of photocatalytic process for degradation of organic 
compounds have been successfully used for a wide range of compounds such as 
alkanes, aliphatic alcohols, aliphatic carboxylic acids, alkenes, phenols, aromatic 
carboxylic acids, dyes, simple aromatics, surfactant, halogenated alkanes, 
polychlorinated byphenyls (PCBs) etc. The overall photocatalytic reaction of the 
above organic compounds over illuminated semiconductor photocatalysts can be 
summarized by the following equation:  




mCO2+(n-kz/2)H2O+zXOs-k  (2.1) 
where m,n,y,z are the corresponding numbers of atoms of C, H, O, X in the organic 
compound CmHnOyXz, while k and s are the corresponding oxygen valence and  the 
stoichiometric of the substance XOs. In the above equation, X represents halide, 
nitrogen, phosphorus, or sulfur with s equals zero and k equals 1 when X is halide. 
2.2.1 General mechanism of semiconductor photocatalysis 
In principle, a photocatalytic reaction proceeds on the surface of a 
semiconductor via several steps. Figure 2.2 illustrates a detailed reaction process of 
the generation of electron-hole pairs and the corresponding redox reactions taking 
place of the semiconductor surface when illuminated with appropriate wavelength of 
light. The generation of electron-hole pairs is the first of many essential steps. When a 
semiconductor (i.e. TiO2) is illuminated by light with energy equal or higher than the 
band gap energy, electron jumps from the valence band to the conduction band and 
thus creates positive holes in the valence band. 
TiO2  →
> gEhv
 TiO2 (ecb-+ hvb+)                                                (2.2) 
In the presence of surface charge region, when semiconductor is in contact 
with liquid, the electron-hole pair can be separated and migrated to the surface (Eq. 
2.3 & 2.4) due to potential gradient between bulk solid and its external surface. 
During the transport of electron and hole to the catalyst surface, they can also 
recombine and generate heat (Eq. 2.5) and this recombination process results in the 
low quantum efficiencies for the photocatalytic process. Alfano et al. (1997) reported 
that the recombination of electron and hole occurs mainly in the bulk of the catalyst  




Figure 2.2 A schematic illustration of the generation of electron-hole pairs and 
the corresponding redox reactions taking place on the semiconductor surface 
when illuminated with appropriate wavelength of light (Dutta, 2003). 
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particles. This recombination process can be reduced greatly if these mobile species 
are separated and subsequently, trapped by defects, surface adsorbates or other sites. 
If photogenerated electron and hole reaches the surface of the semiconductor, an 
adsorbed electron donor can be oxidized by transferring an electron to a hole while an 
electron acceptor can be reduced by electron provided that the reactions are 
thermodynamically feasible. Hole trapping generates a cation radical D•- while 
electron trapping generated an anion radical, A•-. These radical ions can follow several 
reaction pathways: (1) they can react with themselves or other adsorbates, (2) they can 
recombine by back electron transfer to form the excited state of one of the reactants, 
(3) they may diffuse from the semiconductor surface and participate in chemical 
















 heat                                                                    (2.5) 
D + htr+  →
1,oxk
 D·+                                                                        (2.6) 
A + etr- →
redk
 A·-                                                                             (2.7) 
2.2.2 Surface chemistry of metal oxide semiconductors 
It is well established that the surface of TiO2 is readily hydroxylated when it 
comes in contact with water. Both dissociated and molecular water are bound to the 
surface of TiO2 and the surface coverage of 7-10 OH-/nm2 is reported in the literature 
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(Morishige et al., 1985; Suda and Morimoto, 1987; Matthews, 1984; Turchi and Ollis, 
1990; Fox et al., 1991) experimentally reported the reaction of trapped holes with the 
adsorbed H2O and OH-. The trapped holes can also react with the adsorbed organic 
molecules (Litter, 1999). 
TiO2(htr+) + H2Oads → TiO2 + HO·ads + H+                                               (2.8) 
TiO2 (htr+)  + HO -ads  →  TiO2 + HO·ads                                      (2.9) 
TiO2 (htr+)+  Dads  →   TiO2 + D+ads                                            (2.10) 
HO· + Dads →  Doxid                                                                     (2.11) 
TiO2 (ecb- )+ Aads →  TiO2 + A-ads                                               (2.12) 
 
Reactions (2.8) and (2.9) are considered to be the most important in organic 
compounds oxidation process due to the generation of HO•. Experiments conducted in 
water free aerated organic solvent results in only partial oxidation of organic 
pollutants (Fox and Chen, 1981) whereas several authors (Al-Ekabi et al., 1989; 
Metthews, 1990; Low et al., 1991) reported complete mineralization of organic 
compounds in aqueous solution. Apparently, direct oxidation of organic compounds 
by trapped holes is not significant and this result demands to conduct the 
photocatalytic experiments in presence of water. 
In addition, metal oxide particles suspended in water are known to be 
amphoteric. In titration experiments, metal oxides behave as diprotic acids as shown 
by Kormann et al. (1988). In the case of TiO2, “titanol” moiety (>TiOH) is the 
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principal amphoteric surface functionality. The generated hydroxyl radical on the 





  TiOH + H+                                                            (2.13) 
>TiOH    →←
s
apK2
  TiO- + H+                                                             (2.14) 
where >TiOH represents the “titanol” surface group, pKsa1 and pKsa2 are the negative 
log of the microscopic acidity constant for the first and second acid dissociation 
respectively. Due to electrostatic effects of the electric double layer surrounding the 
charged particles, the microscopic acidity constants need to be corrected. The pH at 
which surface shows zero charge, pHzpc, is given by one half of the sum of the two 
surface’s pKa as follows: 
pHzpc=1/2 (pKsa1 + pKsa2 )                                                                      (2.15) 
the pHzpc can be readily determined by measuring zeta potential of the surface, by 
titration method or by other experimental methods. At pH > pHzpc, cationic electron 
donors and acceptors will be favored for photocatalytic activity while anionic electron 
donors and acceptors will be favored at pH < pHzpc. Surface charge plays very 
important role on substrate adsorption on its surface and higher substrate adsorption 
might increase the rate of photoactivity. 
2.2.3 Formation of reactive oxygen species 
On the other hand, photogenerated electron must also react to avoid charge 
build-up within the catalyst particles and at steady state, the rate of hole and electron 
consumption must be equal (Al-Ekabi et al., 1989). Oxygen is commonly used as 
electron scavenger if the overall target of the process is oxidation of organic 
compounds since it is available with little or no cost and it dissolves in aqueous and 
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other solution compounds. Oxygen can be reduced to perhydroxyl/superoxide 
(HO2•/O2•-) depending on the pH. Photogenerated electron could react with the 
adsorbed compounds in the following ways (Matthews, 1984; Okamoto et al., 1985; 
Al-Ekabi and Serpone, 1988): 
e
-
tr + Mn+ads →  M (n-1)+ads                                                             (2.16) 
e
-
tr + O2, ads → red
k
  HO2• / O2,ads•-                                                     (2.17) 
HO2• ↔  O2•-  +  H+  ,  pKa = 4.8                                                        (2.18) 
2HO2• →   H2O2  +  O2                                                                        (2.19) 
 HO2•  +  O2,ads•-  →   O2  +  HO-2                                                       (2.20) 
  HO-2  +  H+   →   H2O2                                                                     (2.21) 
  H2O2  →   H2  +  O2                                                                           (2.22) 
  H2O2  +  HO2•  →   OH•  +  H2O2  +  O2                                           (2.23) 
 
It should be mentioned that it takes three electrons to produce one hydroxyl 
radical through the above pathway, but it takes only one hole to produce a hydroxyl 
radical in the other half-cell reaction. Therefore, most of the hydroxyl radicals are 
generated through hole reactions. The hydrogen peroxide produced in Eq. (2.19) and 
(2.21) may further decompose to hydroxyl radicals (Okamoto et al., 1985; Auguliaro 
et al., 1990; Gerischer and Heller, 1991). 
Hydroxyl radical is a short-lived and very reactive species with an unpaired 
electron and it possess high oxidation potential (2.8 V). It reacts very rapidly with the 
organic compounds to oxidize them with non-selectivity. It has been proposed that 
hydroxyl radicals generated on the above equations are the main oxidant in 
photocatalytic process, which may be the rate-determining step of this process (Bard, 
1979, Matthews, 1984; Turchi and Ollis, 1990). Only partial mineralization of organic 
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compounds in non-aqueous solution, steady-state and high OH• concentration in UV-
illuminated TiO2 process in comparison with ozonation, direct photolysis by H2O2 and 
radiolysis process supports to see OH• radical as the rate-determining step in this 
process. When UV light below 300 nm is used to illuminate TiO2, the photogenerated 
H2O2
 
can be cleaved to form additional hydroxyl radical.  
Usually, organics RH occurring in the water are oxidized by hydrogen 
abstraction reaction. Organic species will be attacked by surface-bound OH radicals 
or by holes at the surface. The attack of the organic substrates in the bulk phase by 
freely diffusing OH radicals is also possible, as suggested by Turchi and Ollis (1990). 
Ollis and his worker have investigated the photocatalytic reaction rate per single 
particle TiO2
 
focusing on OH radical attack of the organic reactant R, indicating OH 
radical is the primary oxidant with four possible cases of reaction: 
(i) Reaction occurs while both species are adsorbed 
            TiIV- OH•   +   R1,ads   →    TiIV   +    R2,ads 
(ii) A nonbound radical reacts with an adsorbed organic molecule 
            OH•    +    R1,ads    →    R2,ads     
(iii) An adsorbed radical reacts with a free organic molecule approaching 
catalyst surface 
            TiIV- OH•        +    R1      →    TiIV       +   R2 
(iv) Reaction occurs between two free species in the fluid phase   
            OH•      +  R1 →   R2 
Oxidation of pollutants by hydroxyl radicals may occur either in the bulk 
solution or on the catalyst surface. Fox (1993) reported that surface bound hydroxyl 
radicals were more stable compared to these in the bulk solution by pulse radiolysis 
and time-resolved diffusion reflectance measurements. Minero et al. (1988) reported 
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that the degradation process occurs at the surface or within a few monolayer around 
the photocatalytic particles. These results imply that the main photocatalytic reactions 
take place on the surface of the semiconductor material. On the other hand, it had 
been repeatedly observed that Langmuir-Hinshelwood kinetics could well describe 
the dependence of the rate of reaction on the solute concentration both for the solute 
disappearance and the rate of CO2 formation (Herrmann et al., 1983; Ollis, 1985; Al-
Ekabi et al., 1989; Mills and Morris, 1993). This is the strong evidence that 
photocatalytic reactions take place on the surface of semiconductor particle, not in the 
bulk of the solution. 
2.3 Kinetic aspects of semiconductor photocatalysis 
2.3.1 Kinetics of semiconductor photocatalysis 
In a photocatalytic system, the reaction rate depends not only on the global 
‘reaction resistances’, but also on the concentration of photogenerated electron-hole 
pairs which depends on the intensity of the radiation of suitable energy exerting on the 
system and on their recombination rate. At steady state or when maximal 
concentration of electron-hole pairs achieved, the photocatalytic reaction rate depends 
on several factors such as electronic, chemical and morphological properties of the 
semiconductor, presence of additives in the reacting system, donor-acceptor and acid-
base properties of the solution and the solid, temperature and pressure of the reaction 
system, and etc. 
The photogenerated electron-hole pairs of an illuminated semiconductor 
particle, i.e. TiO2, have been incorporated to a very simple electric circuit as shown in 
Figure 2.3. It can be noticed that the availability of the electric charges in branch (b) 
becomes higher as the global resistance of branch (a) becomes more significant and/or 
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the global resistance of branch (b) becomes less significant. It indicates a better 








Figure 2.3 Illuminated TiO2 particle incorporated to electric circuits. Circuit 
(a):capacities and resistances inside TiO2 particle; Circuit (b): resistance 
of the redox reactions and the electrolyte. Here, ψcat = cathodic 
overvoltage, ψan = anodic overvoltage, ri = internal resistance, r = 
electrolyte resistance; Csc = semiconductor capacity; Ecb = conduction 
band energy; Evb = valence band energy; ∆Eg = bandgap energy 
(Palmisano and Sclafani, 1997). 
The values of resistance as r in branch (b) of Figure 2.3 are not usually significant in 
both soli-liquid and gas-solid interfaces, especially when the semiconductors are in 
the polycrystalline form. On the other hand, the values of ψcat and ψan together with 
the surface physicochemical properties of the particles strongly influence the catalytic 
behavior of the semiconductor. The adsorption of charges, the charge transfer from 
and to the reagent and desorption of the products of the photoreaction are essential 
kinetic steps and their role should be evaluated every time as in catalysis. These terms 
could be conventionally indicated as ψads (overvoltage due to adsorption), ψct 
(overvoltage due to charge transfer), and ψdes (overvoltage due to desorption). The 
modification of some of the above mentioned steps can strongly influence the kinetics 
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of photocatalytic process and the modification process might include synthesis of 
proper crystalline phase of catalyst, doping of catalyst by transition metal ions and the 
addition of proper additives in the solution such as Fe3+, Fe2+, H2O2. In addition, the 
kinetics of heterogeneous photocatalytic reaction is affected in a complex way by the 
concentration of the radiation field. 
2.3.2 Kinetic model of semiconductor photocatalysis 
The kinetics of degradation of organic pollutants on illuminated TiO2 has been 
studied extensively and it is already mentioned that Langmuir-Hinshelwood kinetics 
could well describe this phenomenon. This model can express the initial reaction rate 












                                                               (2.24) 
where C0 is the initial concentration of the pollutant, K represents the Langmuir 
adsorption constant on the surface of TiO2, k is a proportionality constant which 
provides a measure of the intrinsic reactivity of the photoactivated surface with 
pollutant. Generally, k is proportional to light intensity Iβ, where β is a power term. It 
is also observed that k is proportion to the fraction of O2 which can be described as: 
f(O2) = KO2PO2/ (1+KO2PO2)                                                                 (2.25) 
where KO2 is the Langmuir adsorption coefficient for O2. 
It is predicted that pollutant and OH• adsorbs exclusively at TiIV lattice sites 
and O2 adsorbed on TiO2 non-competitively. Thus the initial rate equation can be 














                                                                 (2.26) 
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where k0 is a proportional constant (Mills et al., 1993). 
If temperature is considered as a parameter, which could affect the reaction 

















=                                                (2.27) 
It is still worth noting that in the multiphase slurry reactions with a suspended catalyst, 
the reaction rate shall be written in the form of mole transformation per unit mass of 
catalyst per unit time instead of mole transformation per unit volume solution per unit 
time. In the open literature dealing with photocatalysis, such rate expression is a not 
common feature. Distinguishing the kinetic regime from the transport limited regime 
helps to obtain intrinsic kinetic data that are necessary for catalyst characterization 
and reactor design. In kinetic regime, the observed rate is solely governed by kinetics 
because when the amount of catalyst is doubled, the mole transformation becomes 
doubled. Therefore, this regime could be easily identified from the constancy of the 
rate data which is expressed in mole transformation per unit mass of catalyst per unit 
time (Mehrotra et al., 2003). In the transport limited regime where high loading of 
photocatalyst is used, pollutant (external and internal mass transfer) and light 
transport become dominant caused by agglomeration of solid particles in fluid phase. 
The phenomenon of agglomeration for TiO2
 
has been discussed elsewhere (O’Shea et 
al., 1999; Fernandez-Ibanez et al., 2003).  
2.4 Semiconductor photocatalysis for the removal of organic 
pollutants 
Photocatalytic process based on TiO2 is mostly known for oxidation of wide 
range of organic compounds. This process has attracted an immense attention over the 
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past few years for treatment of organic compounds due to its intriguing advantages 
over the other processes. Complete mineralization of organic pollutants and the usage 
of atmospheric oxygen as oxidant are the main advantage of this process. Table 2.1 
depicts the capability of TiO2 photooxidation even though not necessarily completely 
mineralization in a wide range of organic pollutants. There are several advantages 
associated with this process  which make it a valuable alternative over other treatment 
technologies (Matthews, 1992):  
(i) the photocatalyst is non-hazardous  
(ii) no consumption of expensive and hazardous oxidizing chemicals (H2O2
 
and O3)  
(iii) only long wavelength UV light (UV-A) is required for photocatalyst activation  
(iv) possible to drive the photocatalytic reaction using solar light  
(v) complete mineralization of the majority of organic and the effluent is 
environmentally benign  
From the aspect of economic considerations, TiO2 photocatalysis has to be 
cost-effective in capital costs, recurring operation as well as maintenance costs in 
order to make this approach to be a realistic competitor to other technologies. Alfano 
et al. (2000) had compared several economic analyses done by different research 
groups and summarized that the treatment cost would strongly depend on the type of 
waste stream, the desired mode of the plant operation, the design of the photoreactor 
and the reliable experimental data that obtained under actual operating conditions. 
When comparing with the conventional treatment methods, in any event, the cost of 
chemical disposal such as hazardous by-products and spent adsorbent in an 
environmentally friendly means must be included.  
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2.5 Properties of TiO2 photocatalysts 
Heterogeneous photocatalysis based on TiO2 is one of the most active and the 
most promising advanced oxidation processes as this semiconductor is a low-cost, 
nontoxic and stable material. Therefore, it is of great necessity to study its structural 
properties, electronic properties, photocatalytic properties, and etc.. 
2.5.1 Structural properties  
Titanium dioxide, also called titania, has been known to have three crystal 
phases: anatase, rutile and brookite. Brookite and anatase are metastable and 
transform exothermally and irreversibly to rutile over a range of temperatures. The 
composition of TiO2 is temperature dependant; at calcination temperature above 900 
K, the anatase phase is transferred into rutile. The fundamental structure unit in three 
TiO2 crystals is [TiO6] octahedra, but their modes of arrangement and links are 
different (Figure 2.4). In rutile, [TiO6] octahedra linked by sharing an edge along the c 
axis to form chains and then corner-shared bonding among chains leads to a three-
dimensional framework. In anatase, the formation of a three-dimension framework is 
all with edge-shared bonding among [TiO6] octahedra. The structure of brookite is 
slightly complicated and contains edge-shared and corner-shared bonding (Cheng et 
al., 1995). The brookite form has not attracted any attention from investigators 
because of its instability at a wide range of temperature (So et al., 2001). In most of 
the photocatalytic studies, the anatase titania shows the highest photoactivity than the 
other two phases. This is attributed to: (1) its unstable structure compared with rutile; 
(2) the small band gap energy (3.0 eV) of rutile compared with that of anatase (3.2 
eV) arising from small differences in the conduction band energies. Therefore, the 
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Figure 2.4 Modes of link among [TiO6] octahedron in (a) rutile (b) anatase (c) 
brookite (Cheng et al., 1995) 
 
2.5.2 Electronic properties  
As introduced in Chapter 1, the band edge position of the semiconductor is 
one of the most important and useful parameters. Knowledge of the band positions or 
flat band potentials is useful in as much as they indicate the thermodynamic 
limitations for the photoreactions that can be carried out with the charge carriers. For 
example, if a reduction of the species in the electrolyte is to be performed, the 
conduction band position of the semiconductor has to be positioned above the relevant 
redox level. Figure 2.5 illustrates the valence band and conduction band position of 
various semiconductors in contact with aqueous electrolyte at pH 1. The more  




Table 2.1 Examples of organic compounds studied in TiO2 photooxidation 
Organics  Examples 
Alkanes Methane, isobutene, pentane, heptane, n-dodecane, 
cyclohexane 
Haloalkanes Chloromethane, tetrachloroethane, dibromoethane, 
trochloroethane, fluorochloromethane, 
Aliphatic alcohols Methanol, isopropanol, cyclobutanol, glucose, sucrose 
Carboxylic acids Formic, oxalic, malic, benzoic, salicyclic, phthalic, 
butanoic, 4-aminobenzoic, p-hydroxybenzoic acid 
Alkenes Propene, cyclohexene 
Haloalkenes Hexafluoropentene, perchloroethene, 
1,2-dichloroethylene,  
Aromatics Benzene, naphthalene 
Haloaromatics Chlorobenzene, bromobenzene  
Nitrohaloaromatics dichloronitrobenzene  
Phenolic 
compounds 






Polymers Polyethylene, PVC 
Surfactants Sodium dodecylsulphate, polyethylene glycol, 
trimethyl phosphate, tetrabutylammonium phosphate 




Parathion, lindane, DDT, tetrachlovinphos 
Dyes  Methylene blue, eosin B, methyl orange, rhodamine B 
 












Figure 2.5 Valence band and conduction band position of various semiconductors in 
contact with aqueous electrolyte at pH 1 (Hagfeldt and Gratzel, 1995) 
 
positive the valence band position is, the stronger the semiconductor oxidative 
capability is. It is shown in Figure 2.5 that TiO2 has a relatively positive valence band 
position, and therefore, it should own strong oxidative capability. In addition, light-
induced charge separation is another important factor which may affect the 
photocatalytic properties of the semiconductor. The depletion layer at the interface 
between a bulk semiconductor and a liquid medium plays an important role in light-
induced charge separation. The local electrostatic field present in the space charge 
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layer serves to separate the electron-hole pairs generated by illumination of the 
semiconductor. For n-type materials, such as TiO2, the direction of the field is such 
that holes migrate to the surface when they undergo a chemical reaction, while the 
electrons drift through the bulk to the back contact of the semiconductor and 
subsequently through the external circuit to the counter electrodes.  In solids with low 
defect concentration, the lifetime of the electron-hole pairs is long enough to allow for 
some of the minority carriers to diffuse to the depletion layer before they undergo 
recombination. 
2.5.3 Photocatalytic properties of TiO2   
It is no surprise that different titanium dioxide samples exhibit different 
photocatalytic activities towards the same organic substrate under identical reaction 
conditions (Serpone et al., 1996). Such differences can be qualitatively attributed to 
the differences in morphology, crystal phase, specific surface area, and porosity as 
well as the shape and distribution of pores (Corma, 1997), surface charge caused by 
an excess of cations or anions on the surface, presence of dopants and impurities, 
particle aggregate size and surface density of OH- groups in the TiO2 samples.  
The texture and morphology of the titania surface are very important 
parameters and might influence the photocatalytic activity. It is reported that a high 
specific-surface-area titania substrate can be proved to be extremely efficient for the 
photodegradation of 3,5-dichlorophenol and related compounds (Arabatzis et al., 
2002). Yin et al. (2001) found that the anatase crystallites with regular crystal surfaces 
had a higher photocatalytic activity than those with irregular crystal surfaces. The 
possible reason is that the anatase TiO2 nanocrystalline with regular surface should 
have less surface defects, giving highly efficient photocatalysis by suppression of 
electron-hole pair recombination.  
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The effect of particle size on the photocatalytic activities of TiO2 was 
investigated by several researchers (Zhang et al., 1998; Xu et al., 1999; Maira et al., 
2000; Almquist et al., 2002). It is found that nanosized semiconductor TiO2 particles 
of less than 10 nm show significant enhancement in photocatalytic reactivity, which 
can be attributed to the quantum size effect (Hoffmann et al., 1995). This 
phenomenon is due to electronic modification of the photocatalysts as well as the 
close existence of the photoformed electron and hole pairs and their efficient 
contribution to reaction, resulting in a performance much enhanced over that of the 
semiconductor TiO2 powders. In other words, as the particle size of the photocatalysts 
decreases, the ratio of the surface to the bulk increases. As a result, the 
photogenerated electron-hole pairs can easily and quickly diffuse to the surface of the 
catalysts to form the active sites at which the photocatalytic reactions are induced. 
However, other reports showed that the photocatalytic efficiency does not 
monotonically increase with decreasing the particle size (Hoffman et al., 1992; 
Giuseppe et al., 1993). An optimal particle size of about 10 nm was observed for 
nanocrystalline TiO2 photocatalysts in the liquid-phase decomposition of chloroform 
(Wang et al., 1997; Zhang et al., 1998). This phenomenon was attributed to the 
increased surface electron-hole recombination rate, which offsets the benefits of 
ultrahigh surface area. 
Addition of metal / metal ions to a semiconductor is known to affect its both 
photophysical behavior as well as photochemical reactivity (Hoffmann et al., 1995; 
Herrmann et al., 1997). Metal affect the surface properties by generating a Schottky 
barrier of the metal in contact with semiconductor’s surface, which acts as an electron 
trap. Figure 2.6 illustrates a good example of metal-semiconductor system, in which 
space charge layers, band bending and the formation of Schottky barrier were shown. 
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Electrically neutral and isolated from each other, the metal and the n-type 
semiconductor have different Fermi level positions (Rhoderick et al., 1988). In the 
case to be discussed here, the metal has a higher work function (φm) than the 
semiconductor (φs). When the two materials are connected electrically, electron 
migration from the semiconductor to the metal occurs until the two Fermi levels are 
aligned as shown in Figure 2.6. The electrical contact has formed a space charge 
layer. The surface of the metal acquires an excess negative charge while the 
semiconductor exhibits an excess positive charge as a result of electron migration 
away from the barrier region. The bands of the semiconductor bend upward toward 
the surface, and the layer is said to be depleted. The barrier formed at the metal-
semiconductor interface is called the Schottky barrier. The height of the barrier, φb, is 
given by 
φb =φm – Ex                                                                                     (2.28) 
where Ex is the electron affinity, measured from the conduction band edge to the 
vacuum level of the semiconductor. The diagram shown in Figure 2.6 illustrates an 
ideal metal-semiconductor contact, i.e. no surface states exist on the semiconductor, 
etc. The Schottky barrier produced at the metal-semiconductor interface can serve as 
an efficient electron trap preventing electron-hole recombination in photocatalysis. 
Similarly, the addition of transition metal ions to semiconductors improves the 
trapping of electron and inhibits electron-hole recombination. The low photoactivity 
of TiO2 is thought to be due mainly to the fast recombination of photogenerated 
electrons and holes. Several transition metal ions doping in titania, such as Pt, Ag, Au, 
etc., can promote the separation of photogenerated charge-carriers, and thus improve 
its photo-activity (Butler et al., 1993; Choi et al., 1994; Zhang et al., 1998; Furube et 
al., 1999; Di Paola et al., 2002; Arabatzis et al., 2003). Such an enhancement in the 
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photocatalytic reactivity has been explained in terms of a photoelectrochemical 
mechanism in which the electrons generated by UV irradiation of the TiO2 
semiconductor quickly transfer to the metal particles loaded on the TiO2 surface. 
These metal particles work to effectively enhance the charge separation of the 









Figure 2.6 Schematic of Schottky barrier (Linsebigler et al., 1995) 
2.6 Modification of TiO2 photocatalyst 
Semiconductor photocatalysis based on TiO2 has attracted a great deal of 
attention, owing to its unique photocatalytic efficiency, low cost, non-toxicity, and 
high stability. However, the band gap of TiO2 semiconductor is relatively large (~ 3.2 
eV), and can be excited only by high energy UV radiation with the wavelength less 
than 385 nm. This practically rules out the effective use of sunlight as an energy 
source. To utilize more efficiently the solar energy, great efforts have been made to 
extend the useful response of the TiO2-based material to the visible region, in which 
the modification of the electronic structure of TiO2-based material is indispensable. 
The following three approaches should be considered to control the electronic 
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structure of TiO2 semiconductor photocatalyst: (1) modification of the electronic 
structure by a metal ion implantation or metal/non-metal doping; (2) formation of a 
new valence band instead of O(2p) by the addition of proper atoms; and (3) design 
and modification of the band structure by the formation of solid solutions. 
2.6.1 Metal ion implantation or metal doping method 
Ion beam technology using accelerated metal ions has been used to design a 
unique TiO2 photocatalyst, realizing a breakthrough in the development of an efficient 
photocatalytic system and the utilization of solar-light energy. Metal ions are 
electronic charged atoms whose kinetic energies can be controlled by the acceleration 
of metal ions under a controlled electronic field. The ion beam techniques, such as the 
ion implantation method and the ionized cluster beam (ICB) method, use the 
accelerated metal ion beam generated by applying the unique properties of metal ions. 
By these methods, the metal ions are accelerated in the electronic field and injected 
into the sample target as an ion beam (shown in Figure 2.7). These metal ions can 
interact in a different manner with the sample target depending on their kinetic 
energy. In the case of the ion implantation method, metal ions are accelerated enough 
to have a high kinetic energy (50-200 keV) and can be implanted into the bulk of 
samples. On the other hand, the metal ions (ionized clusters) are accelerated to have a 
low kinetic energy (0.2-2 keV) in the ICB method and these ions are deposited to 
form a thin film on the top surface of the sample. With these unique properties of the 
ion beam techniques, well-defined semiconductor materials and thin films have been 
developed.  
TiO2 photocatalysts can not absorb visible light and only make use of 3-5% of 
the solar beams that reach the earth, necessitating the utilization of an ultraviolet-light 
source. It is, therefore, necessary to develop a modified TiO2 photocatalytic system 
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that can be applied under visible-and/or solar-light irradiation. It is reported that Fe 
ions implanted within the bulk of TiO2 thin film can modify the electronic properties 
of the TiO2 surface layer. Ion implantation with the other transition metal ions such as 
Mn, Fe, V, and Co is also effective for modifying the properties of TiO2 to make a 
large shift in the absorption band to the visible light region. However, Ar, Mg, or Ti  
Figure 2.7 Schematic diagram of ionized beam cluster (ICB) deposition method (A) 
and metal-ion-implantation method (B) (Yamashita et al., 2004) 
 
ion-implanted TiO2 exhibited no shift in the absorption spectra, showing that such a 
shift is not caused by the high-energy implantation process itself but by some 
interactions between the transition metal ions and the TiO2 catalyst. The absorption 
band of the Fe ion-implanted TiO2 shifts smoothly towards the visible light region, the 
extend of the red shift depending on the amount and type of metal ions implanted, 
with the absorption maximum and minimum values always remaining constant, as can 
be seen from Figure 2.8. The order of effectiveness in the red shift was found to be as 
follows: V > Cr > Mn > Fe > Ni ions. Such a shift allows the metal ion-implanted 
TiO2 to use solar irradiation more effectively, with the efficiencies in the range of 20-
(A) (B) 
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30%. However, the Fe ion-doped catalysts showed no shift in the absorption edge of 
TiO2, as can be seen from Figure 2.8. These results indicate that the method of doping 
caused the electronic properties of TiO2 to be modified in completely different ways. 
The doping of TiO2 with transition metal ions, such as Fe, V, Cu, Mn, Co, Ni, and Cr, 
are mostly unsuccessfully to initiate efficiently the photocatalytic reaction under 
visible light irradiation, because the doping sites may become reactive centers for 
rapid charge recombination. However, the surface or bulk modification of TiO2 by 
noble metal ions (Chloridized Pt4+, Rh3+, and Au3+) can produce a visible-active 
center for the degradation of organic pollutants, such as 4-chlorophenol (Kisch et al., 
1998; Zang et al., 1998; Li and Li, 2001). The visible-activity was attributed to the 
photoinduced hemolytic cleavage of metal-chloride bond to form the reduced metal 
ions and chlorine atoms first. The reduced ions transfer electrons to the conduction 
band of TiO2, and the chlorine atoms can get an electron from the pollutant, resulting 
in the pollutant degradation. 
 
 
Figure 2.8 (A) The diffuse reflectance UV-Vis spectra of TiO2 (a) and Fe ion-
implanted TiO2 photocatalysts ((b)–(e)). Ion acceleration energy: 150 keV. Amounts 
of implanted Fe ions (×10−7 mol/g cat):(a) 0, (b) 2.2, (c) 6.6, (d) 13.2, and (e) 22.0. (B) 
The diffuse reflectance UV-Vis spectra of TiO2 (a) and the TiO2 photocatalysts 
chemically doped with Fe ions by the sol–gel ((b)–(e)). Ion acceleration energy: 150 
keV. Amounts of doped Fe ions (×10−7 mol/g cat): (a) 0, (b) 22, (c) 110, and (d) 550 
(Yamashita et al., 2003). 
                     
(A) (B) 
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2.6.2  Nonmetal doping method 
Since Asahi et al. (2001) firstly reported that non-metal doped TiO2 powders 
exhibit visible-light activity in both aqueous and gas phase, many research interests 
have been transferred to the study on non-metal doped TiO2 which is visible light 
responsive. In their report, they first estimated the effect of dopants (C, N, F, P, and S) 
on the electronic bandgap structure on the basis of theoretical calculations about the 
state density. They found that only nitrogen doping can form intra-band-gap states, 
which overlap sufficiently with the edge of energy band (shallow surface states), 
induce electronic coupling and prevent charge recombination, whereas doping with C 
and P leads to states located too deep in the gap to overlap with the energy band. They 
further stated that the interstitial N-doping is unlikely to have efficient visible activity 
because the formed states are well screened and hardly interact with the band states of 
TiO2. So they conclude that the substitutional N doping plays an important role in the 
photocatalysis. However, opposite to Asahi’s report, Khan et al. (2002) observed that 
C-doped TiO2 can efficiently split water into hydrogen and oxygen under visible light 
irradiation. The C-doped TiO2 was synthesized by flame pyrolysis of Ti metal sheet in 
a natural gas flame with controlled amounts of oxygen, and the maximum 
photoconversion efficiency of 8.35% was obtained, although this efficiency is 
questioned by some scientists. Although the report focused on water splitting and the 
photoelectrochemical conversion by visible light, it is quite possible to apply it into 
the photocatalytic decomposition of environmental pollutants. In fact, Lettmann et al. 
(2001) found that carbon-containing TiO2, prepared by a sol-gel process by using 
different alkoxide precursors and calcined at 250 oC for 3 h, was capable to 
photodegrade p-chlorophenol under visible light irradiation. Similar result was also 
reported by other research group (Sakthivel and Kisch, 2003). 
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Another strategy to extend the visible responses of TiO2 is the modification of 
TiO2 with two dopants (Zhao et al., 2004). The modified TiO2, prepared by doping 
with both a non-metal element, boron, and a metal oxide, Ni2O3, can efficiently 
photodegrade the organic pollutants, such as trichlorophenol, 2,4-dichlorophenol and 
sodium benzoate under visible light irradiation. The band gap energies for pure TiO2, 
B-doped TiO2, and B-Ni-doped TiO2 were estimated to be 3.18, 2.93, and 2.85 eV, 
respectively. It has been found that the •OH redicals are generated in the two-doping 
system during the pollutant photodegradation. In this system, incorporation of B into 
TiO2 can extend the spectral response to the visible region and function as an antenna, 
and the further loading of Ni2O3 into the matrix can suppress the charge 
recombination and enhance greatly the photocatalytic activity. 
2.6.3 Formation of new binary oxides 
The strategy to extend the visible response of oxide semiconductors can also 
be realized by the introduction of a valence band consisting of an orbital other than O 
2p of oxide semiconductors. The valence band of most oxide semiconductors consists 
of O 2p orbitals. The valence band level is about 3 V, which is deep enough to oxidize 
H2O into O2. However, it causes the band gap of oxide semiconductor to be wide. 
Therefore, it is necessary to make a valence band consisting of an orbital other than O 
2p to develop visible-responsive photocatalysts. It has been reported that BiVO4 was 
found to exhibit photocatalytic reactivity under visible-light irradiation (Kudo et al., 
1999). Bi3+ with a 6s2 configuration is a good candidate for forming such a valence 
band. The highly crystalline BiVO4 powders with scheelite (monoclinic) and zircon-
type (tetragonal) structures were synthesized selectively by an aqueous process. The 
BiVO4 powder with the scheelite structure showed a high photocatalytic activity for 
O2 evolution in the presence of a sacrificial reagent (Ag+) under visible light 
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irradiation (λ > 420 nm). The zircon-type BiVO4 with a band gap of 2.9 eV mainly 
showed a UV absorption band, while the scheelite BiVO4 with a band gap of 2.4 eV 
had a characteristic visible-light absorption band in addition to the UV absorption 
band. The UV absorption bands observed in the zircon-type and scheelite BiVO4 were 
assigned to the band transition from O 2p to V 3d, whereas the visible-light 
absorption was due to the transition from the valence band formed by a hybrid orbital 
of Bi 6s and O 2p to the conduction band consisting V 3d. The photocatalytic activity 
of the BiVO4 powder prepared by the aqueous process was much higher than that of 
BiVO4 prepared by a conventional solid-state reaction. The highly crystalline powder 
without significant formation of defects and the decrease in the surface area can be 
obtained by the aqueous process at room temperature, which led to efficient 
photoreactivity under visible-light irradiation.  
Furthermore, it has also been found that the Ni doping into InTaO4 can form 
In1-xNixTaO4 (x=0-0.2), which can first induce the direct splitting of water into H2 and 
O2 under visible light irradiation (λ > 420 nm) with a quantum yield of about 0.66% at 
402 nm even without the sacrificial reagents (Zou et al., 2001). The band gap energy 
is narrowed with Ni doping from 2.6 eV (non-doped) to 2.3 eV (0.1 Ni doping). This 
band gap change in Ni-doped compounds can be attributed to internal transitions in a 
partly filled Ni d shell. 
2.6.4 Formation of solid solution 
Another strategy to develop visible-responsive photocatalyst is to control the 
energy structure by making solid solutions between semiconductor photocatalysts 
with wide and narrow band gaps. ZnS is an interesting photocatalyst material from the 
view-point of its preeminent ability to produce H2. ZnS with a wide band gap (3.5 eV) 
is a highly active photocatalyst for H2 evolution even without Pt cocatalysts under 
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ultraviolet-light irradiation, because the conduction band level is high enough for a 
reduction potential of H2O to form H2. Therefore, many studies have been reported 
the formation of solid solution between ZnS photocatalyst with a wide band gap and 
another photocatalyst AgInS2 with a narrow band gap (Kudo et al., 2002; Tsuji et al., 
2004). These photocatalysts made by solid solution method possessed high 
photocatalytic activity for H2 evolution from aqueous solutions containing sacrificial 
reagents, SO32- and S2-, under visible light irradiation even without Pt cocatalysts. 
DFT calculations indicated that Ag and In took part in the valence band formation and 
the conduction band formation, respectively. These results indicate that control of the 
energy structure by making a solid solution is a useful strategy for band engineering 
to develop a visible-light-driven photocatalyst. Other examples of the formation of 
solid solution are Nb2O5-Bi2O3, Ga2O3-In2O3, SnO2-TiO2, and ZnS-CdS, etc. 
(Harriman et al., 1988; Kudo et al., 1998; Lin et al., 1999; Inoue et al., 1995). The 
photophysical properties and photocatalytic activities of these solid solutions are 
dependent on their compositions and they exhibit different photocatalytic properties 
under UV irradiation and visible light irradiation. 
2.7 Photoreactor simulation 
Numerous articles have been published in recent years demonstrating different 
reactor configurations, but in most of the cases so far did not touch on the scale up of 
the reactor. Perhaps, the development of a commercial or industrial system based on 
heterogeneous photocatalysis has not been successfully achieved. All these 
configurations could be categorized according to the arrangement of light source with 
the geometry of the reaction vessel because light distribution inside the reactor is the 
chief factor for any photocatalytic process. Three of the major categories are (Ray, 
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1999): immersion type with lamp immersed within the vessel, external type with lamp 
outside the vessel and distributive type with the light distributed from the source to 
reactor by optical means such as reflector. The external type has been much discussed 
in open literature includes glass tube spiraled around UV lamp, reaction vessel 
enclosed by two half-cylinder containing UV lamp, annulus reactor, Taylor Vortex 
reactor and reaction vessel under direct UV light (as listed in Table 2.2).  
Moreover, a few engineering scale of photocatalytic reactors are demonstrated 
nowadays for example, double skin sheet reactor (Bahnemann, 1999) and compound 
parabolic collecting reactor (Kositzi et al., 2004) utilizing solar energy as light source 
and larger reaction volume which make it sounds practical in the treatment of polluted 
water. It also appears that these reactors are much focus on the monitoring the TOC 
content of the water (Table 2.2). Other solar photocatalytic reactors- parabolic trough 
reactor, tubular reactor with reflector and thin film fixed bed reactor were discussed in 
details elsewhere (Alfano et al., 2000).  
However, for the study of the intrinsic photocatalytic properties such as 
kinetics or the evaluation of newly developed photocatalyst, a monolithic type reactor 
is favorable. Monolithic reactor shows superior mass transfer characteristics 
especially in multiphase systems. The study of photocatalysis at micro-level to 
investigate the interrelationship of reacting molecules, deactivation or poisoning of 
catalyst and other interfering factors is anticipated to have a better understanding of 
the mechanistic aspects of the photosystem.  
Based on the kinetic model discussed earlier, initial substrate concentration 
and the incident light intensity are the major parameters in photocatalytic reaction rate. 
Other parameters such as catalyst loading, pH of the solution, the concentration of 
electron donors and acceptors, the presence of interfering adsorbing species and the 
Chapter 2. Literature Review 
47 
temperature which affect the degradation rate have been studied also (Mills et al., 
1993; Chen, 1998; Hermann, 1999). However, study of one parameter while keeping 
others constant only demonstrates a clear standpoint about the influence of each 
parameter on the rate individually. On the other hand, study of combined effects of 
the simultaneous change of different variables helps to identify the optimal working 
region. Bahnemann and his workers (1999) have conducted the study combining the 
effect of light intensity and pH on the photocatalytic rate degradation of 
dichloroacetate and pointed out linear dependency on light intensity at pH 2.6, 7 and 
11. But at pH 5, the rate increases with the square root of the intensity under same 
experimental conditions indicating a further specific mechanism explanation for such 
characteristic properties is required. Besides, Mehrotra et al. (2003) have obtained 
intrinsic kinetic data from the combined effect of light intensity and initial substrate 
concentration on the photodegradation rate of benzoic acid at extremely low catalyst 
loading.  
           Heterogeneous photosystem involving redox mechanism with semiconductor 
catalyst is pH-dependant. The surface charge of photocatalyst could be altered by the 
pH adjustment of the medium thus affecting the effectiveness of the adsorption-
desorption properties and the charge separation of the particles. Generally, it is 
hypothesized that the highest reaction rate occurs in the neighborhood of the 
isoelectric point (pI) of the photocatalyst used. While the pI of various brand of TiO2 
used is about the range from 5.6-7.2, lower reaction rate were observed at both acidic 
and basic medium (Hidaka et al., 1990; Singhal et al. 1997; Chen, 1998; Chu and 
Wong, 2004). On the contrary, some researchers revealed that photoactivity increases 
from acidic to basic medium in phenol (Palmisano et al., 1989) and chlorophenol 
system (Doong et al., 2001). It appears, therefore, that the role of pH in the multiphase  
Chapter 2. Literature Review 
48 
Table 2.2 Typical reactor configurations for photocatalysis used in water purification  
Set up  










Glass tube spiraled around 
UV lamp (0.09)  
-  √  Black light blue 
fluorescent at 350 nm  
no  
Mills et al. 
(1993)  
Reaction vessel enclosed 
by 2 half-cylinder 
containing UV lamp 
(0.125)  
√  -  Black light UVA lamp  no  
Inel and Okte 
(1996)  
Annulus reactor in 
irradiation box (0.348)  
√  -  Black light blue 
fluorecent  
no  
Rideh et al. 
(1997)  
Cylindrical annular pyrex 
reactor (2.0)  
√  -  HPK medium pressure 
Hg lamp  
no  
Ray (1999)  Distributive-type multi 
hollow tube reactor (1.23)  
-  √  Halogen lamp with 
aluminium reflector  
no  
Zhou and 
Ray (2003)  
Semibatch swirl flow 
monolithic photoreactor 
(0.063)  
-  √  HPR high pressure 






Batch irradiation vessel 
under solar UV simulator 
(0.02)  
√  -  Xenon lamp with 
atmospheric attenuation 
filter (UVA and UVB) 
imitating solar energy  
no  
Chen et al. 
(2003)  
Composite reactor of 
TiO
2
, UV and electrolysis 
system (0.1)  




Chen (2004)  
Thin Gap Annular UV 
reactor (0.304)  
√  -  75W low pressure UV 
lamp at 254 nm  
no  
Bockelmann 
et al. (1995)  
Falling film fixed bed 
reactor (0.1)  
-  √  sunlight  yes  
Bahnemann 
(1999)  
Double-skin sheet reactor 
(14.4)  
√  -  sunlight  yes  
Dutta (2003)  Taylor Vortex 
photoreactor (1.45)  
√  √  UVA lamp  yes  
Kositzi et al. 
(2004)  
Compound parabolic 
collecting reactor (22)  







thin film coating of TiO2
 
c 
study on TOC Reduction  
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system is complex and yet required further clarification before practical application in 
treating pollutants.  
The efficiency of an ultra bandgap photon to drive the TiO2-sensitized reaction 
is indicated as quantum yield (Φoverall) which is the ratio of the reaction rate to the 
radiation absorption rate. Another common term, photonic efficiency (ξ) which is 
gained by ratio of the reaction rate to incident monochromatic light intensity has also 
been used. But, the semiconductor particle tends to adsorb, scatter and transmit light 
causing the measurement much difficult. Mills and Hunte (1997) reported a typical 
suspension of TiO2
 
scatters or reflection over 90% of the incident light emitted by few 
polychromatic light sources including medium-pressure Hg lamp and Xenon arc lamp. 
If polychromatic light source is used, the actual value of ξ cannot be calculated 
accurately.  
Another core issue in photocatalytic reaction is the irradiation field in a 
scattering and absorbing heterogeneous medium (Legrini et al., 1993). Light 
distribution inside the photoreactor configurations must be properly addressed for 
both suspended and supported photocatalyst systems. Even though it has been 
frequently shown (Matthews, 1990 & 1992; Hermann et al., 1999; Pozzo et al., 1999; 
Robert et al., 1999) that process efficiency is reduced when the catalyst is 
immobilized, the need for catalyst recovery could be eliminated. For the supported 
catalyst system, the light source and reaction vessel if properly designed to obtain 
high surface area of catalyst coating per unit volume of reaction solution, would 
minimize mass transfer limitations thus improve the system’s photon efficiency. 
Various types of photoreactors have been explored in recent years as already 
discussed earlier.  




Photodegradation of Benzoic Acid over Metal-doped TiO2 
under UV-light Irradiation (λ < 380 nm) 
3.1  Introduction  
Photocatalysis based on TiO2 as a durable photocatalyst has received much 
attention on the water purification technologies during the past several years due to its 
optical and electronic properties, low cost, chemical stability and non-toxicity 
(Hoffmann et al., 1995; Chen et al., 1999; Sivalingam et al., 2003). When illuminated 
by light of energies greater than the band-gap energy (3.2 eV), TiO2 shows strong 
oxidation abilities which can oxidize almost all organic compounds to CO2 in the 
presence of water and oxygen which serve as acceptor for the photogenerated 
electrons. The mechanisms of photocatalysis based on TiO2 have been discussed in 
many papers (Mills et al., 1993; Hoffmann et al., 1995; Fox et al., 1993). It has been 
known that TiO2 has three crystal phases: anatase, rutile and brookite, among which 
anatase is shown to be the most photocatalytically active one (Litter, 1999). 
In recent years, attention has been paid to metal-doped TiO2 which is thought 
to decrease the band gap energy. Doping of metal/metal ion in a semiconductor is 
known to affect both photophysical behavior and photochemical reactivity (Hoffmann 
et al., 1995; Herrmann et al., 1997). Metal affects the surface properties by generating 
a Schottky barrier of the metal in contact with the semiconductor surface, which acts 
as an electron trap. Similarly, doping of transition metal ions to semiconductors 
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improves the trapping of electron and inhibits e--h+ recombination because the 
relatively low photoactivity of TiO2 is thought to be due mainly to the fast 
recombination of photogenerated electrons and holes (Kumar et al., 2003). Several 
transition metals, such as Pt, Ag, Au, etc., have been shown to promote the separation 
of photogenerated charge-carriers, and thus to improve its photoactivity (Butler et al., 
1993; Choi et al., 1994; Zhang et al., 1998; Furube et al., 1999; Di Paola et al., 2002a; 
Arabatzis et al., 2003). Such an enhancement in the photocatalytic reactivity has been 
explained in terms of a photoelectrochemical mechanism in which the electrons 
generated by UV irradiation of the TiO2 semiconductor quickly transfer to the metal 
particles loaded on the TiO2 surface. These metal particles work to effectively 
enhance the charge separation of the electrons and holes, resulting in marked 
improvement in photocatalytic performance.  
Sol-gel method is an attractive method for low-temperature synthesis of TiO2 
and it is easier to realize metal doping. However, the particle size of TiO2 prepared by 
sol-gel method is not uniform and it is difficult to obtain nanosized particle using this 
method due to post-treatments. Hydrothermal method is a promising method used in 
the preparation of nanocrystalline TiO2. It has many advantages: (1) A crystalline 
product can be obtained directly at relatively low temperatures (in general < 250 ℃). 
Hence the sintering process, which results in a transformation from an amorphous 
phase to the crystal phase, can be avoided. It favors a decrease in agglomeration 
between particles. (2) By changing hydrothermal conditions (such as temperature, pH, 
reactant concentration and molar ratio, etc.), crystalline products with different 
composition, structure and morphology can be formed. (3) The purity of product 
prepared in appropriate conditions can be very high owing to recrystallization in 
hydrothermal solution. (4) The equipment and processing required are simpler, and 
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the control of reaction conditions is easier (Cheng et al., 1995). Recently, a modified 
sol-gel method (Xu et al., 2002; Wang et al., 1997; Yeung et al., 2003; Zhang et al., 
1998), using hydrothermal post-treatment, has been proposed to synthesize 
nanocrystalline TiO2 of controlled crystal and aggregate sizes. This procedure 
involved the precipitation of amorphous titanium oxide gels, followed by a controlled 
crystallization of anatase TiO2 crystals. After hydrothermal treatment, the amorphous 
gels were transformed into aggregates of TiO2 nanocrystals that retained the original 
size and shape of the gels. 
This chapter addresses the preparation, characterization and catalytic activity 
of metal-doped nanocrystalline TiO2 with uniform particle size and pure anatase 
synthesized by a modified sol-gel method. The enhanced photocatalytic activities of 
metal-doped TiO2 have been demonstrated using benzoic acid as the model 
compound. The prepared undoped-TiO2 and metal-doped TiO2 samples are 
characterized by XRD, XPS, UV-vis/diffuse reflectance, photoluminescence, 
fluorescence lifetime and Raman spectroscopy, etc. 
3.2  Experimental details 
3.2.1  Synthesis of metal-doped TiO2 
A modified sol-gel method was employed to prepare metal-.doped TiO2 
photocatalysts with metal salts hydrate Ni(NO3)2·6H2O, Ga(NO3)3·xH2O, 
Fe(NO3)3·9H2O, Cd(NO3)2·4H2O, AgNO3 as the precursors. All chemicals were used 
as received without further treatment. Using the molar ratio Ti(OBu)4(97%, Aldrich): 
C2H5OH(99.9%, J.T.Baker):H2O(ELGA 18.2 MΩ ultra pure water):HNO3(69.0-
70.0%, J.T.Baker)=1:20:6:0.8, 12.5 mL Ti(OBu)4 was dissolved in 33.3 mL absolute 
alcohol with stirring for 10 min; then 0.25 mL HNO3 was added dropwise to the 
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above solution under stirring for 30 min. Another solution containing 16.7 mL 
absolute alcohol, 1.5 mL H2O, and metal salts hydrate in the required stoichiometry 
was slowly added into the above solution. The mixture was hydrolyzed at room 
temperature for 40 min under vigorous stirring, and the transparent sol was obtained. 
The gel was prepared by aging the sol for 48 h at room temperature. The derived gel 
was transferred into a 150-mL, Teflon-line autoclave vessel for hydrothermal 
treatment at 220 ℃ for 20 h. Then the suspension was centrifuged for powder 
separation, washed several times with absolute alcohol (to minimize agglomeration by 
breaking hydrogen bonding between particles), and then dried at room temperature. 
The samples after hydrothermal treatment were denoted as Me-TiO2-X (Me: doped 
metal; X: dopant content, wt %). 
 
3.2.2 Characterization 
The structural properties of the prepared photocatalysts (XRD) were analyzed 
with a Shimadzu XRD-6000 X-ray diffractometer using Cu Kα irradiation with a scan 
rate of 2° min-1. Diffuse reflectance spectra were recorded by Shimadzu 3100 UV-
Vis-NIR Spectrometer equipped with an integrating sphere ISR-3100 and BaSO4 
powder was used as a standard surface. Transmission Electron Microscopy (TEM) 
images were taken on a JEOL JEM-2010 TEM instrument. The samples were 
prepared on a copper mesh substrate covered with an amorphous carbon film. The 
surface chemical analysis of the samples was made by X-ray Photoelectron 
Spectroscopy (AXIS His; Kratos Analytical) using Mg Kα X-ray source (hυ= 1253.6 
eV) and an analyzer pass energy of 40 eV. The physical adsorption of nitrogen was 
performed on a NOVA 1000 system (Quantachrome) at 77K. A sample was degassed 
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in vacuum at 150℃ for 4 h before measurement. Surface areas of the samples were 
calculated based on the BET model. The point of zero charge (PZC) of the prepared 
samples was determined by measuring the zeta potential, ξ, of each sample at 
different pH by ZetaPlus zeta potential analyzer (Brookhaven Instruments Corp.). The 
suspensions were prepared by adding 0.1 g L-1 of the sample and 0.001 M NaCl in 
ultra pure water and then the pH was adjusted. The suspensions were shaken for 24 h 
in the dark and the ξ-potential was measured after testing the final pH of the 
suspensions. Raman spectra were detected with a Bruker FRA 106 FT-Raman 
Accessory using a ND:YAG laser (λ=1064 nm, 350 mW, Bruker Instrument Inc.). 
Photoluminescence spectra were collected on a Perkin-Elmer Luminescence 
Spectrometer (LS-50B) with a powder holder accessory under room temperature. 
Fluorescence lifetimes were measured on GL-3300 Fluorescence Lifetime System 
(Photon Technology International, Inc.) using a dye laser for excitation.  
3.2.3 Evaluation of photocatalytic activities 
A semi-batch swirl-flow monolithic type photoreactor containing 250 mL of 
aqueous suspension was used, which could provide sufficient mixing among reactant, 
photon and catalyst particles. A 125 W high-pressure Hg lamp (Philips, Belgium) and 
reactor were placed inside a wooden box painted black so that no stray light can enter 
the reactor. The lamp has a spectral energy distribution with a sharp peak at λ=365 nm 
of 2.1 W with an incident light intensity of 15.05 mW cm-2. The light intensity was 
measured by a digital radiometer (Model UVX-36: UVP). Oxygen was continuously 
bubbled into the suspension during the whole experiment process. The amount of 
catalyst used for all the experiments was 0.8 g L-1 and the initial concentration of 
benzoic acid (99.5+%, BDH Chemicals) was 25 mg L-1. The initial pH of the 
suspension was ca.3.8 and the temperature inside the photoreactor was kept at 30℃ 

















using a water bath. The aqueous suspension was introduced tangentially into the 
reactor by a peristaltic pump (Watson Marlow 505S) from a beaker with a water 
jacket and exited from the center of the top plate through an outlet plastic tube of 5 
mm diameter. A magnetic stirrer also mixed the suspension in the beaker during the 
entire reaction period. The detailed schematic view of the experimental set-up is 
illustrated in Figure 3.1. Before turning on the light, the suspension was circulated for 
about 30 min to ensure that the adsorption equilibrium of benzoic acid had reached 
the catalyst surface. Samples of benzoic acid were taken from the suspension every 30 
min. Syringe-driven filters (RC membrane, 0.45 µm) were used to remove the catalyst 
particles before analyzing the samples. The quantitative determination of benzoic acid 
was performed by measuring its absorption at 226.50 nm with a UV 









Figure 3.1 A schematic diagram of the experimental set-up. 
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3.3 Results and discussion 
3.3.1 Structure and morphology 
The XRD patterns of undoped-TiO2 and different metal-doped TiO2 with same 
dopant concentration of 1 wt % were shown in Figure 3.2. It is shown in this figure 
that the pattern can be indexed to TiO2 in anatase phase only. The strongest peak at 
2θ=25.3° is representative for (101) anatase phase reflection. From the full width half 
maximum (FWHM) of the diffraction pattern, the particle sizes was calculated which 
were in the range from 9.2 nm to 12.2 nm using Scherrer’s equation. The rutile and 
brookite phases were not observed. Due to the low dopant concentration, the separate 
oxide phases can not be observed.  
 
It is reported that the doped TiO2 above 5 wt % metal dopant concentration 
can show a little small peak attributable to separate oxide phase in addition to the 
lines of TiO2 (Martin et al., 1997). On the other hand, the lack of appreciable peaks 
due to metal oxides in the diffractograms indicates that a high degree of dispersion of 
the doped metals onto the titania support (Di Paola et al., 2002a). Furthermore, if 
considered that the ionic radii of the doped metal ions (Ga3+:0.76 Å; Fe3+: 0.79 Å; 
Ni2+: 0.83 Å, etc.) are similar to Ti4+(0.75Å) for a coordination number of 6, these 
doped metal ions can be easily incorporated into TiO2 matrix by substituting for the 
Ti4+ lattice sites. These results support that the current doping procedure allows 
uniform distribution of the dopants, forming stable solid solution within TiO2 (Zhu et 
al., 2004).  
 
 












Figure 3.2 X-ray diffraction patterns of (a) undoped-TiO2 and 1 wt% metal-doped 










Figure 3.3 TEM image of 0.1 wt% Ga-doped TiO2 (The dark particles represent 
Ga2O3 particles). 
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The specific surface areas of the prepared samples were listed in Table 3.1. 
The surface areas of metal-doped TiO2 were almost twice as those of the undoped 
TiO2 or Degussa P25. For Ga-doped TiO2 samples, the surface areas increase with the 
increase of Ga dopant concentration of to a maximum of 0.1 wt % and then decrease 
with the increase of Ga dopant concentration. With the doped gallium into TiO2, the 
well-dispersed Ga2O3 covering the surface of TiO2 which can be seen from TEM 
graph can increase the specific surface area of TiO2. After the increased amount of 
Ga2O3 comes to a maximum, these Ga2O3 may not only cover the surface of TiO2, but 
also enter TiO2 matrix which is discussed earlier and thus obstruct the pores of the 
support TiO2, resulting in the decrease of the specific surface areas (Di Paola et al., 
2002a).   
The TEM image of Ga-TiO2-0.1 is shown in Figure 3.3. It can be seen that the 
prepared sample has agglomerated to larger particles which have mean particle size 
about 200 nm. However, the image revealed that the sample consisted of the 
agglomerates of primary particles of an average diameter of ca.10 nm, which was in 
good agreement with the crystallite size calculated from the XRD pattern. It can be 
clearly seen that Ga dopant is well dispersed onto the surface of the sample of Ga-
TiO2-0.1, and this seems to have some certain relationship with its good performance 
on the photocatalytic degradation of benzoic acid. 
It is obvious that the doped Ga exists mostly in the form of Ga2O3 on the 
surface of TiO2 by surface doping although substitutional doping may also be 
possible. But from the increase of specific surface area after doping Ga into TiO2 and 
TEM observation, it is believed that the good dispersion of Ga2O3 onto the surface of 
TiO2 may be the main reason for the increase in specific surface area. 
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Table 3.1. Specific surface area (SBET), anatase crystal size (σ) and pH for point of 
zero charge, PZC (pH) 
Sample SBET  (m2 g-1) σ (nm) PZC (pH) 
Degussa P25 55±15 circa 30 6.9# 
Undoped-TiO2 57 9.5 6.7 
Ga- TiO2-0.05 99 11.0 6.8 
Ga- TiO2-0.1 121 9.6 6.2 
Ga- TiO2-0.5 114 11.2 5.9 
Ga- TiO2-0.1 119 12.2 5.3 
Ag- TiO2-0.1 89 8.6 (for Ag- TiO2-1.0) - 
Fe- TiO2-0.1 143 12.2 (for Fe- TiO2-1.0) - 
Cd- TiO2-0.1 130 9.4 (for Cd- TiO2-1.0) - 
Ni- TiO2-0.1 142 9.2 (for Ni- TiO2-1.0) - 
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3.3.2 UV-vis/diffuse refelctance spectra 
UV-Vis/DRS is used to probe the band structure, or molecular energy levels, 
in the materials since UV-Vis light excitation creates photogenerated electrons and 
holes. The UV-Vis absorption band edge is a strong function of titania cluster size for 
diameter less than 10nm, which can be attributed to the well-known quantum-size 
effect for semiconductors (Anpo et al., 1987). The spectra of the metal-doped samples 
in Figure 3.4 showed a slight red shift in the band gap transition to longer 
wavelengths. The absorbance of the metal-doped samples in the visible region was 
always higher than that of undoped-TiO2. In particular, the most pronounced effect 
occurred in the case of Ag-doped TiO2 sample which is gray in color. This is due to 
the absorption of wavelengths longer than 600 nm which is indicated that Ti3+ may 
exist in the TiO2 lattice (Sakatani et al., 2004). Except for the band-gap absorption 
threshold of titania, a strong wide absorption spectrum dominated the absorption 
spectrum of Ag-doped TiO2 which is significantly different from other metal-doped 
samples, is characteristic of surface plasmon absorption corresponding to silver 
particles (Herrmann et al., 1997; Stathatos et al., 2000). The onset of band gap 
absorption of Degussa P25 is estimated at 403 nm, which corresponds to 3.08 eV. 
This may be because Degussa P25 is a mixture of rutile (band gap energy 3.0 eV) and 
anatase (band gap energy 3.2 eV). The estimated band gap absorption of metal doped 
TiO2 samples onset at 399 nm, 405 nm, 412 nm, and 418 nm for Ga-doped TiO2, Fe-
doped TiO2, Ni-doped TiO2, and Cd-doped TiO2, respectively, which can be 
compared with the ca.393 nm (corresponding to band gap energy of 3.15 eV), 
characteristic of the undoped-TiO2 sample. The band gap absorption of undoped-TiO2 
is lower than that of Degussa P25, which may be due to the pure anatase in the 
prepared samples. 










Figure 3.4 The diffuse reflectance UV-Vis spectra of (a) P25, (b) undoped-TiO2 and 1 
wt% metal-doped TiO2 doped with (c) Ga, (d) Fe, (e) Ni, (f) Cd, (g) Ag. 
 
3.3.3 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) experiments were performed to 
elucidate both the titania structure and the chemical state of the doped metal particles. 
The peaks at 459.1 eV and 464.7 eV for Ti(2p) region of 1 wt % metal doped samples 
can be attributed to Ti in 4+ state which is in an octahedral environment (graph not 
shown here). The O 1s XPS spectra have two peaks, which indicate that two kinds of 
oxygen species were present in the near-surface region. The first peak at 530.3 eV is 
assigned to the lattice oxygen atoms of both TiO2 and Ga2O3 (Ti-O bonds and Ga-O 
bonds), and the second peak at 532.2 eV is due to surface hydroxyl (Xu and Shang et 
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al., 1999). These surface hydroxyl groups can play an important role in the 
photocatalytic reactions because the photoinduced holes can attack the surface 
hydroxyl groups and yield surface-bound OH radicals with high oxidation capability 
(Litter, 1999; Xu and Shang et al., 1999). Figure 3.5 depicted the XPS spectra of Ga-
doped TiO2 and Ag-doped TiO2. The Ga 3d XPS spectra show three peaks, indicating 
three forms of Ga existed in Ga-doped TiO2. The banding energy of 21.0 eV and 19.0 
eV can be assigned to Ga2O3 (Ga-O bonds). The binding energy of 17.5 eV can be 
assigned to Ga-O-Ti. The Ag 3d5/2 peak appears at a binding energy of 268.2 eV, 
whereas the splitting of the 3d doublet is 6.0 eV. These values correspond to metallic 
silver (Briggs et al., 1983), which is in agreement with the result of UV-vis. 
 
 3.3.4  Point of zero charge (PZC)  
The PZC of an oxide is the value of pH required to give zero net surface 
charge. The knowledge of PZC helps to predict whether there occurs preferentially 
the ion exchange to a specific component of the oxide system, influencing so the 
photoreactivity of the powder. The PZC results of Ga-doped TiO2 are listed in Table 
3.1. It reveals that the PZC values of the prepared samples are lower than that of P25. 
The PZC value of Ga-TiO2-0.05 is not significantly different from the undoped-TiO2. 
Furthermore, with the increase of Ga dopant concentration for Ga-doped TiO2, the 
PZC value decreased. It indicates that there is a surface enrichment of species with an 






























Figure 3.5. XPS spectra of Ga 3d and Ag 3d peaks 
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3.3.5 Photoluminescence (PL)  
Photoluminescence (PL) spectroscopy was an important tool to study the 
electronic structure, optical and photoelectric properties in rutile and anatase phase of 
TiO2 in these forms such as single crystals, thin films and polycrystalline powders. In 
TiO2 polycrystalline powders, bandgap excitation can result in free or trapped exciton 
emission due to the recombination of photoinduced electron-hole pairs, or cause the 
broadband visible emission attributed to luminescence from surface states localized in 
the surface (Rahman et al., 1999; Li et al., 2001; Zhang et al., 2000). Figure 3.6 
depicted the PL spectra of Degussa P25, undoped TiO2 and different metal-doped 
TiO2 samples with dopant concentration of 1 wt%. The Photoluminescence peak 
position at 393 nm of undoped-TiO2 was the same as its onset of UV-Vis/DRS 
spectra, which possibly demonstrated that the PL peak resulted from the electron 
transition from the bottom of the valence band to the top of the conduction band 
according to the electronic structure of TiO2. The first peak around 393 nm on PL 
spectra of some metal-doped TiO2 is not significant which may be due to the different 
characteristic of doped metal ions. The PL spectrum of Degussa P25 did not show an 
appreciable peak around 400 nm. However, it can be clearly seen from Figure 3.7 that 
the PL spectra show three main peaks for undoped TiO2 and Ga-doped TiO2 with 
different dopant concentrations at about 393 nm (3.15 eV), 420 nm (2.95 eV), and 484 
nm (2.56 eV) using the excited wavelength of 300 nm. The PL spectra might have 
close relations with the luminescence of the recombination of photoinduced electron 
and holes, the free excitons and self-trapped excitons, which possibly resulted from 
the no-integrality of the nanosized TiO2 crystalline such as the lattice distortion and 
surface oxygen deficiencies (Zhang et al., 1995). The two peaks at 393 nm and 420 
nm might mainly arise from the self-trapped excitons localized on TiO6 octahedra (Li 
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et al., 2001). The peak at 484 nm was probably attributed to the oxygen vacancies 








Figure 3.6. PL spectra of (a) undoped-TiO2, 1 wt% metal-doped TiO2 with dopant (b) 

























































Figure 3.7. PL spectra of (a) undoped-TiO2 (a) and Ga-doped TiO2 with different 
dopant concentrations: (b) 0.05 wt%  (c) 0.1 wt%  (d) 0.5 wt%  (e) 1 wt%  (f) 2 wt%  
(g) 5 wt%. Excited wavelength: 300nm. 
 
3.3.6  Fluorescence Decay Profile  
The decay profiles of the prepared samples were investigated by Fluorescence 
Lifetime method. The Fluorescence decay profiles of Ga-doped TiO2 with different 
dopant concentrations and Ga-TiO2-0.1 under different excitation wavelengths are 
shown in Figure 3.8 and 3.9, respectively. These decay profiles were well traced using 





















tII exp10                                                                              (3.1) 







































W ave length (nm )
Chapter 3. Metal-doped TiO2 as Photocatalyst 
67 
where τ is the lifetime and β is the shape factor. This function has been widely used 
for analysis of charge carrier dynamics in amorphous semiconductors and glass 
(Suzuki et al., 1998). Good fitting of the decay profiles of the Ga-doped TiO2 using 
Eq.(1) indicates that the existence of carrier trapping sites with different energy levels, 
which lead to a distribution of the carrier transport rates.  
 
According to this equation, the lifetime of Degussa P25, undoped-TiO2 and 
Ga-doped TiO2 was calculated and listed in Table 3.2. From Figure 3.8, it can be seen 
that the decay profiles of Ga-doped TiO2 were quenched with the increase of the Ga 
dopant concentration. The lifetimes of Ga-doped TiO2 were also decreased with the 
increase of Ga dopant concentration. These results suggest that with the increase of 
Ga dopant concentration, more and more Ga dopants play the role of the 
recombination center at TiO2 surface. It can be seen from Figure 3.9 that the lifetime 
of Ga-TiO2-0.1 is dependent on the excitation wavelengths. When the shorter 
wavelength( λ=266 nm) is used to excite Ga-TiO2-0.1, the lifetime is drastically 
decreased. It may indicate that the wavelength of 266 nm is not enough to deeply 
penetrate the bulk of the TiO2 particles. Because the mobility of electrons in TiO2 is 
slow (Enright et al., 1996), the decay profile is considered to be chiefly determined by 
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Table 3.2. Emission Lifetime of Fluorescence decay profile. 
Sample Measured excitation wavelength, nm Lifetime, ns 
Degussa P25 337 2.14 
Undoped-TiO2 337 2.55 
Ga- TiO2-0.05 337 2.30 
Ga- TiO2-0.1 337 2.15 
Ga- TiO2-0.1 266 1.55 
Ga- TiO2-0.5 337 2.11 
Ga- TiO2-1.0 337 1.79 
 
 
3.3.7  Raman spectroscopy 
Raman spectroscopy was applied to discriminate the local order characteristics 
of the samples. The technique (nondestructive) is capable of elucidating the 
photocatalyst structural complexity as peaks from each material are clearly separated 
in frequency, and therefore the phases are easily distinguishable. The Raman spectra 
for anatase was identified by Hirata and co-workers (Hirata et al., 1994) at 144 cm-
1(Eg), 197 cm-1(Eg), 399 cm-1(B1g), 513 cm-1(A1g), 519 cm-1(B1g), and 639 cm-1(Eg). 
But for our case, a well-resolved TiO2 Raman peak is observed in Figure 3.10(A) at 
149±1 cm-1for all the samples. This peak is attributed to the main Eg anatase 
vibration mode and the peak is intensified with the increase of Ga dopant 
concentration to a maximum intensity for Ga-TiO2-0.1 sample. With further increase 









Figure 3.8. Fluorescence decay profiles of (a) Ga- TiO2-0.05 (b) Ga- TiO2-0.1 and (c) 







Figure 3.9. Fluorescence decay profiles of Ga- TiO2-0.1 under different excitation 
wavelength (a) 266nm (b) 337nm. 
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of Ga dopant concentration, the peak was become weaker and weaker. Moreover, 
vibration peaks at 201±1 cm-1(Eg, weak), 395±1 cm-1(B1g), 513±1 cm-1(A1g), 
637±1 cm-1(Eg) are present in the spectra of all samples, which indicates that anatase 
TiO2 nanoparticles are the predominant species. However, it can be seen from Figure  
3.10(C), a weak peak at 428 cm-1 belongs to E1g mode of rutile can be seen from 
Degussa P25 (Falaras et al., 2000).  
3.3.8  Evaluation of photocatalytic activities   
Effect of different metal-doped TiO2 on photodegradation of benzoic acid 
The photocatalytic degradation of benzoic acid over different metal doped 
samples with the same doping concentration (0.1 wt %) was evaluated and the results 
are shown in Figure 3.11. It is clear that the photoactivities of Ga-doped and Ag-
doped TiO2 are higher than those of Degussa P25 and undoped-TiO2. Among all the 
samples, Ga-doped TiO2 with dopant concentration of 0.1 wt % shows the highest 
photoactivity.  
The photoactivity of the crystalline powders depends not only on their 
electronic properties but also on many other factors such as the particle size 
distribution, morphology, the type of pores present, crystal phase, surface area, d 
electron structure, the different hydroxylation of the surfaces, the acid-base properties, 
the amount of adsorbed reactant species (Di Paola et al., 2002a). Metal dopants in the 
TiO2 photocatalytic system have two functions: (1) they could act as both electron 
traps and hole traps to be photoactive, (2) metal dopants may involve the possibility 
of charge release and migration to the interface of solid-liquid reaction system. The 
reduced activity can be explained as dopants act more as recombination 

























Figure 3.10. (A) Raman spectra of (a) undoped-TiO2, (b) P25 and 0.1 wt% metal-
doped TiO2: (c) Ga (d) Ag, (e) Fe. (B) Enlarged graph of (A) for undoped-TiO2: (i) 
and P25: (ii), (C) Ga-doped TiO2 with different dopant concentrations (1) 0.05 wt% 
(2) 0.1 wt% (3) 0.5 wt% (4) 1 wt%. 
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centers than as trap sites for charge transfer at the interface (Navio et al., 1996). 
 
The XRD patterns of different metal-doped TiO2 did not show any significant 
variations of the structure and morphology arising from the metal doping compared 
with the undoped-TiO2. The UV-vis/DRS spectra of the metal-doped TiO2 reveal a 
slight red shift in the band gap transition which can be explained by the introduction 
of energy levels of the doped metal into the band gap of TiO2 (Choi et al., 1994). The 
energy levels below the conduction band edge and above the valence band edge 
influences the photoreactivity of TiO2 since the doped metal ions can act as electron 
or hole traps which can alter the electron-hole pair recombination rate. The UV-
vis/DRS results revealed the existence of Ti3+ on the surface of Ag-doped TiO2, and it 
is regarded that Ti3+ surface states on the surface of nanosized TiO2 are 
disadvantageous to photocatalytic oxidation reactions because they can easily become 
recombination centers of photoinduced electrons and holes (Jing et al., 2003). 
However, metallic silver in low amount can play a favourable role by attracting 
electrons, thus helping the electron-hole pair separation and preventing the electron-
hole recombination (Sclafani et al., 1991). On the other hand, the ionic radius of Ga3+ 
(0.76 Å) is very close to that of Ti4+ (0.75 Å), which indicates that Ga3+ might be much 
easier than other metal ions whose radii are larger than that of Ti4+ to enter the lattice 
of TiO2 to replace Ti4+. As a result, it may decrease the coverage of gallium dioxide 
on the surface of TiO2, which decrease the recombination center.  
 
For other metal-doped TiO2, many researchers have reported their detrimental 
function on the photocatalytic oxidation reaction. However, the role of Fe3+ dopant in 
TiO2 is controversial. Serpone et al. (1994) reported that addition of transition-metal 
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dopants, such as Fe, Cr or V, to the anatase TiO2 lattice may tend to decrease the 
photooxidative activity of TiO2 for photooxidation reaction of oxalic acid. The 
dopants behave as electron/hole recombination center. It is supported by the 
observation that increasing the dopant content decreases the photocatalytic activity 
and thus increases the recombination center. Other authors have postulated that the 
role of Fe3+ dopant would like to favor electron-hole separation, which enhances the 
photoactivity. Choi et al. (1994) reported that Fe3+ can acts as both electron trapping 
and hole trapping. Trapping either an electron or a hole alone is ineffective because 
the immobilized charge species quickly recombines with its mobile counterpart. 
Zhang et al.(1998) introduced a new concept, shallow trapping sites, which can be 
used to describe the role of Fe3+ dopant into TiO2. Shallow trapping means that the 
trapped charge carrier can be thermally excited from the trapping site and becomes 
mobile again, preferably before the generation of the next e-/h+ pair inside the same 
particle. Photocatalytic decomposition efficiencies can be increased when using Fe3+-
doped TiO2, in which Fe3+ serves as shallow trapping sites for the charge carriers, 
thereby separating the arrival time of e- and h+ at the surface(Choi et al., 1994; Zhang 
et al., 1998).  
 
A better and more quantitative way of presenting the activities of a series of 
metal-doped TiO2 photocatalysts is the use of the rate constant k, which is 
independent of the concentrations used. In photocatalytic reactions, k is almost 
independent of temperature because of the photoactivation process and only depends 
on the radiant flux and on the UV spectrum of the lamp. The photocatalytic 
degradation of organic pollutants in water generally follows a Langmuir-Hinshelwood 
mechanism (Hermann et al., 1997): 








                                                               (2) 
where k is the true rate constant which is a function of various parameters such as: the 
mass of catalyst, the flux of efficient photons, the coverage in oxygen, etc. K is the 
adsorption constant. Fitting the experimental data into the above kinetic model 
(Figure 3.12), the rate constants were obtained and listed in Table 3.3. The experiment 
data agree closely with the fitting curve. It can also be seen from Table 3.3 that 0.1 
wt% Ga-doped TiO2 shows the highest rate constant. 
 
 




mg L-1 min-1 
R2 
Degussa P25 0.152 6.16 
Undoped-TiO2 0.254 3.36 
Ga-TiO2-0.1 5.544 14.84 
Ag- TiO2-0.1 0.334 10.28 
Cd- TiO2-0.1 0.033 3.25 
















Figure 3.11. Photocatalytic degradation of benzoic acid using (■) Degussa P25, (●) 







Figure 3.12. Concentration-time fitting curve based on Langmuir-Hinshelwood 
kinetic model:  (■) Degussa P25, (●) un-doped-TiO2 and 0.1 wt% metal-doped TiO2: 
(▲) Ga, (▼) Fe 
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Effect of different dopant concentration of Ga-doped TiO2 on photodegradation 
of benzoic acid 
Figure 3.13 shows the results of the photocatalytic degradation of benzoic acid 
over P25, undoped-TiO2 catalyst and Ga-doped TiO2 photocatalysts with the different 
doping concentrations for 60 min irradiation. It is obvious that the undoped-TiO2 
showed higher photoactivity than P25. For the samples doping with different 






Figure 3.13. Photocatalytic degradation of benzoic acid using (■) Degussa P25, (●) 
undoped-TiO2 and Ga-doped TiO2 with different dopant concentrations: (▲) 0.05 
wt%, (▼) 0.1 wt%, (◆) 0.5 wt%, and (△) 1 wt%. 
 
From XPS results, it has been known that gallium existed on the surface mainly as the 
form of Ga2O3. Therefore, it is reasonable to consider that the possible reason for this 
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result was that excess amount of gallium oxide covering the surface of TiO2 would 
increase the number of recombination centers and result in low photoactivity. Xu et 
al.(2002) reported that excess amount of rare earth oxide would cover the surface of 
TiO2 which results in the decrease of photocatalytic activity because the existence of 
excess amount of rare earth oxide would increase the recombination centers and this 
increase will be detrimental to photocatalytic reactions.  
 
TEM image shown in Figure 3.3 revealed that the gallium sesquioxide is 
dispersed very well over the surface of Ga-TiO2-0.1, compared with other samples 
with different Ga dopant concentrations. This may benefit its enhancement on 
photodegradation of benzoic acid. The PZC values of Ga-doped TiO2 decreased with 
the increase of dopant concentration. It seems that no direct relationship between the 
PZC values and photoactivity of Ga-doped TiO2 can be made. However, it can be 
explained by taking into account the nature of the reacting molecules and the acid-
base and electronic properties of the metal-doped TiO2 photocatalysts (Di Paola et al., 
2002b). The Co, Cu, Fe-doped TiO2 with high PZC value show high photoactivity 
over the degradation of methanoic acid. The authors attributed this to the relatively 
basic PZC values of these samples since methanoic acid is more acidic and then a 
stronger interaction with a quite basic catalyst surface probably occurs. However, due 
to the good performance of Ga-TiO2-0.1 on the photodegradation of benzoic acid, it 
might be regarded that benzoic acid is more likely to be degradated under a relatively 
weak acidic PZC value since it is a weak acid. The Fluorescence decay profiles have 
revealed that with the increase of Ga dopant concentration, the lifetime of Ga-doped 
TiO2 decreased. This is attributed to the increase of the recombination centers on the 
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surface of TiO2 which lead to the decrease of photoactivity due to the increase of 
dopant concentration. 
It can also be found from Table 3.1 that Ga-TiO2-0.1 has the smallest particle 
size and the largest specific surface area and the highest photocatalytic activity. The 
reduction in particle size which leads to larger surface area will be beneficial to the 
increase of the available surface active sites. It is well known that the successful 
separation of photoinduced electron-hole pairs is crucial to photocatalytic reactions. 
With the decrease of particle size, the photoinduced electrons or holes after the 
illumination of metal-doped TiO2 are much easier to transit onto the surface of metal-
doped TiO2 to react with the metal ions or adsorbed organic compounds rather than to 
recombine with each other to give off heat. Such an efficient migration of electrons or 
holes to the surface of metal-doped TiO2 can appreciably improve the charge 
separation process and inhibit the recombination of electron-hole pairs. Consequently, 
the photocatalytic activity of metal-doped TiO2 can be increased. According to the 
above mentioned mechanism, it is not difficult to understand that Ga-TiO2-0.1, with a 
smallest particle size and a largest surface area compared with other Ga-doped TiO2 
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3.4  Conclusions 
A modified sol-gel method was utilized to synthesize the different metal-doped TiO2 
with different dopant concentrations. Among these prepared samples, Ga-TiO2-0.1 
exhibited the highest photocatalytic activity over the degradation of benzoic acid 
using a 365 nm UV light irradiation. The enhancement of the photoactivity can be 
attributed to the good dispersion of gallium dioxide over the surface of TiO2, the 
suitable dopant concentration which may decrease the recombination center, its 
smallest particle size and largest surface area, and etc. Consequently, it could be 
considered that the photactivity of the photocatalysts depends on many factors, which 
can affect the photoactivity of the photocatalysts comprehensively. Future 
investigations will be focused on the acid-base properties and charge separation 
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CHAPTER 4 
Flowerlike F-doped TiO2 Photocatalyst for MB Degradation 
under Visible Light Irradiation (λ > 420 nm) 
4.1 Introduction  
 
In last chapter, metal-doped TiO2 nanoparticles were synthesized and their 
photocatalytic reactivities were investigated for the degradation of benzoic acid.  
However, the prepared metal-doped TiO2 only showed the photoactivities under UV 
light irradiation which limits its utilization under visible light irradiation. Therefore, 
from this chapter, various methods for the preparation of visible-light-responsive 
photocatalysts will be investigated so as to fully use the portion of visible light in the 
sunlight. 
Improvement of the photocatalytic activity of TiO2 has been the subject of 
numerous studies in recent years. Many attempts, such as the modifications of TiO2 
through the implantation of metal ions and doping of non-metal atoms, have been 
made to narrow its band gap so that it can absorb solar light. Several studies have 
been reported that the electronic properties of a TiO2 photocatalyst can be modified 
by implantation of transition metal cations, such as Fe, V and Cr, which were believed 
to replace the Ti4+ sites of TiO2 (Takeuchi et al., 2000; Anpo and Takeuchi, 2003; 
Yamashita et al., 2003). Although the ion-implantation method is effective in 
lowering the bandgap of TiO2, it is not practical for mass production owing to the 
high cost (Anpo et al., 2006). As for doping non-metal atoms into TiO2, Asahi et al. 
(2001) reported that N-doped TiO2 with a narrow band gap could be synthesized by 
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sputtering TiO2 targets in a N2-Ar gas mixture followed by annealing in N2 gas at 550 
oC. Following the pioneering work of Asahi, Khan et al. (2002) reported that the band 
gap of a chemically modified n-TiO2 by controlled combustion of Ti metal in a 
natural gas flame can be decreased to 2.32 eV. They proposed that the substitution of 
carbon for oxygen in TiO2 lowered its band gap to absorb visible light. Subsequently, 
TiO2 doped with other non-metal elements, such as B,  S, Cl and Br, and I was 
demonstrated to shift the optical absorption edge to longer wavelength, which 
increased the photoactivity in the visible light region (Zhao et al., 2004; Ohno et al., 
2003; Luo et al., 2004; Hong et al., 2005). It was also revealed that F-doped TiO2 
could induce photocatalysis under visible light irradiation by the creation of oxygen 
vacancies (Yu et al., 2002; Li et al., 2005a; Li et al., 2005b) 
 
Over the past few years, the pursuit of the control of morphology and particle 
size of the synthesized TiO2 has never been ceased because it is another crucial 
element determining the photocatalytic activity of TiO2 (Zhang et al., 2006). 
Inorganic hollow structures, which can be achieved by nozzle-reactor systems, 
sacrificial cores, or emulsion/water extraction techniques, have attracted great 
attention because of their wide variety of potential applications as catalysts and 
catalysts supports, adsorbents, sensors, drug-delivery carriers, artificial cells, photonic 
crystals, acoustic insulators, lightweight fillers, and microreactors (Bruinsma et al., 
1997; Titirici et al., 2006; Schacht et al., 1996; Sun et al., 2003; Kim et al., 2002; Ma 
et al., 2003; Yang et al., 2005; Lu et al., 2005). In particular, many efforts have been 
devoted to the controlled fabrication of hollow TiO2 particles due to its vital 
application in photocatalysis. To date, hollow microspheres of titanium dioxide with a 
wall thickness of 50 nm were prepared by spry-drying of the colloidal suspension of 
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the exfoliated titanate nanosheets and subsequent heating (Iida et al., 1998). Smaller 
hollow spheres of amorphous titania, with diameters in the hundreds of nanometers, 
have been synthesized using ordered polystyrene (PS) beads or commercial Sephadex 
G-100 beads as sacrificial cores (Zhang et al., 2006; Zhong et al., 2000). 
Subsequently, the coating of PS spheres with preformed colloidal nanoparticles and 
the subsequent formation of hollow spheres, using the Layer-by-Layer technique was 
reported (Caruso et al., 2001). These methods generally require the use of surfactants 
or polymers which have to be removed to create the hollow interiors. Moreover, the 
materials synthesized by these methods are usually unstable, and hence limited their 
potential applications. 
 
Recently, wet-chemical methods were chosen to synthesize hollow titania 
microspheres, aiming at a single-step synthesis. Hollow TiO2 microspheres in the 
diameter range of 10 to 20 micrometers had been prepared in ionic liquids 
(Nakashima et al., 2003). In addition, smaller TiO2 microspheres (ca. 3 µm in 
diameter) with mesoporous core-shell structures had been synthesized with a 
combination of wet and solid-state reactions (Guo et al., 2003). Although the wet-
chemical methods were successful in controlling the morphology of TiO2, few studies 
on the realization of doping nonmetal elements into TiO2 have been reported (Ho et 
al., 2006). In this chapter, an aqueous synthetic approach for the preparation of self-
organized F-doped TiO2 hollow microspheres with a flower-like morphology in the 
diameter range of 1 to 10 µm by hydrothermal treatment of TiF4 powder in HCl 
solution in 180 oC is reported. With the hydrolysis of TiF4, flower-like TiO2 hollow 
microspheres can be harvested. Meanwhile, F can be doped into TiO2 due to the 
existence of HF atmosphere after the hydrolysis of TiF4. 
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4.2 Experimental details  
4.2.1 Synthesis of flowerlike F-doped TiO2 hollow microspheres 
The preparation of flowerlike F-doped TiO2 hollow microspheres has been 
reported elsewhere (Yang et al., 2003b). In a typical experiment, 30 mL of the TiF4 
solution (0.002 M) with a pH of 1.67 was added to a Teflon-lined autoclave, and the 
hydrothermal synthesis was conducted at 140-220 oC for 20 h in an electric oven. 
After the reactions, white TiO2 products were obtained by centrifuging and washing 
with large amount of deionized water.  
4.2.2 Characterization  
The structural properties of the prepared F-doped TiO2 powders were analyzed 
with a Shimadzu XRD-6000 X-ray diffractometer using Cu Kα irradiation with a scan 
rate of 2° min-1. The crystallite size was calculated from X-ray line broadening 
analysis by Scherrer formula. Diffuse reflectance spectra were recorded by Shimadzu 
3100 UV-Vis-NIR Spectrometer equipped with an integrating sphere ISR-3100 and 
BaSO4 powder was used as a standard surface. The morphology of the prepared 
flower-like F-doped TiO2 hollow microspheres was examined using a field emission 
scanning electron microscopy (FESEM, JEOL JSM-6700F). Transmission Electron 
Microscopy (TEM) and selected area electron diffraction (SAED) were taken on a 
JEOL JEM-2010 TEM instrument. The samples were prepared on a copper mesh 
substrate covered with an amorphous carbon film. Lattice fringes of the samples were 
obtained on a high-resolution transmission electron microscope (HRTEM, JEOL 
JEM-2010F) with an accelerating voltage of 200 kV. The surface chemical analysis of 
the samples was made by X-ray Photoelectron Spectroscopy (XPS, AXIS His; Kratos 
Analytical) using Mg Kα X-ray source (hυ = 1253.6 eV) and an analyzer pass energy 
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of 40 eV.  All the binding energies were referenced to the C 1s peak at 284.8 eV of 
the surface adventitious carbon. 
4.2.3 Photocatalytic activity evaluation 
The photocatalytic activities of the F-doped TiO2 hollow microspheres were 
investigated by the degradation of Methylene Blue (MB) in an aqueous solution. A 
125 W high-pressure mercury lamp (Philips, Belgium) with a 420 nm cutoff filter 
(Edmund Optics, US) was used as visible light source. 0.5 g of the photocatalysts was 
suspended in a 100 mL of 15 mg/L aqueous methylene blue solution and the 
suspension was kept in the dark for 30 min before irradiation to allow sufficient 
adsorption of methylene blue. Oxygen was continuously bubbling into the suspension. 
The change of methylene blue concentration with irradiation time was monitored by 
measuring the UV-vis absorption at 664 nm with a UV spectrophotometer (UV-1601 
PC; Shimadzu). Syringe-driven filters (PTFE membrane, 0.45 µm) were used to 
remove the catalyst particles before analysis of the solution. 
 
4.3 Results and discussion  
4.3.1  X-ray diffraction 
The powder XRD patterns of F-doped TiO2 microspheres prepared by 
hydrothermal synthesis at different temperatures for 20 h were shown in Figure 4.1. 
All of the prepared F-doped TiO2 powders displayed a good crystallinity. These 
sample powders gave rise to well-established peaks of the anatase phase, which can 
be ascribed to the (101), (103), (004), (112), (200), (105), (211) planes of anatase 
TiO2. The XRD investigation shown in Figure 4.1 indicates that the crystallographic 
phase of all the prepared F-doped TiO2 powders belongs to tetragonal anatase TiO2 
(space group: I41/amd, a0=3.7852 Å and c0=9.5139 Å, JCPDS card No. 21-1272). The 
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shift of the peak position of the prepared samples cause by F doping was not 
identified. This could be easy to understand because the ionic radius (0.133 nm) of the 
doped F atom is virtually identical to that of the replaced oxygen atom (0.132 nm). 
The FWHM of the (101) peak was further obtained by fitting to a Lorentzian function 
as shown in Figure 4.1. The primary crystallite sizes calculated from the (101) peak of 
the XRD pattern are about 6.7, 7.9, 5.7 nm corresponding to 220 oC, 180 oC, and 140 
oC, respectively. 
4.3.2  UV-vis/DRS 
The UV-vis diffuse reflectance spectra of the prepared flower-like F-doped 
TiO2 hollow microspheres were shown in Figure 4.2. The absorption edge of the 
prepared samples did not display an appreciable shift to visible region, which 
indicates that F doping can not cause absorption edge shift. This has already been 
confirmed by the theoretical band calculations (Asahi et al., 2001). When TiO2 is 
doped with fluorine, localized levels with high density appear below the valence band 
of TiO2. These levels consist of the F 2p state without any mixing with either the 
valence band or the conduction band of TiO2. Therefore, F-doped TiO2 does not 
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Figure 4.1. Powder XRD patterns of the prepared F-doped TiO2 microspheres by 
hydrothermal synthesis at different temperatures for 20 h. 
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Figure 4.2. UV-vis/Diffuse Reflectance Spectra of the prepared flower-like F-doped 
TiO2 hollow microspheres by hydrothermal synthesis at different temperatures: 
a) 140 oC, b) 180 oC, and c) 220 oC. 
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4.3.3  XPS 
Figure 4.3 shows the high-resolution XPS spectra of Ti 2p, O 1s and F 1s of F-
doped TiO2 powders prepared by hydrothermal synthesis at 180 oC. The binding 
energy of Ti 2p3/2 is equal to 458.7 eV and the binding energy of Ti 2p1/2 is equal to 
464.4 eV, which are identical to the reported literature (Li et al., 2005b; Yu et al., 
2002). XPS investigation confirmed that titanium exists as Ti(IV) state. From the XPS 
data of O 1s, it is known that O exists in two forms: O-H and Ti-O.  
 
The F 1s region is composed of two contributions, which is in good agreement 
with the previous report (Yu et al., 2002). The main contribution is attributed to F- 
ions physically adsorbed on the surface of TiO2. The minor contribution is the F in 
solid solution TiO2-xFx, which is possibly formed by the substitution of the oxygen in 
TiO2 lattice for F- ions generated by the hydrolysis of the precursor, TiF4 (Wang et al., 
1990; Minero et al., 2000). A titanium dioxide cluster or crystal nucleus is formed in 
solution phase by the slow hydrolysis and condensation of TiF4. Meanwhile, HF, 
which is a corrosive chemical etchant, is formed in situ as a hydrolysis product from 
TiF4 during the generation of TiO2. The self-generated HF by the hydrolysis reaction 
may act as the source of F-dopant. This process is easily occurred because the ionic 
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Figure 4.3. High-resolution XPS spectra of Ti 2p, O 1s, and F 1s of the prepared 
flower-like F-doped TiO2 hollow microspheres at 180 oC. 
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4.3.4  FESEM 
Figure 4.4 shows FESEM images of the prepared F-doped TiO2 microspheres 
by hydrothermal synthesis at different temperatures. All of the prepared F-doped TiO2 
samples displayed a flower-like morphology, in which the interior of the microspheres 
was hollow (Figure 4.4D). It is interesting to note that the flower-like F-doped TiO2 
microspheres can only be harvested under the aforementioned experimental condition. 
Generally, there are two mechanisms occurring for the growth of colloidal particles: 
dissolution of smaller, more soluble particles, accompanied by the growth of larger 
particles, which is called Ostwald ripening, or agglomeration of smaller, primary 
particles to form larger particles (Brinker et al., 1990). Concerning of the reaction 
system in this chapter, it is suggested that the former mechanism will be possible.  
 
Considering the synthetic conditions, the reaction generated HF may also play 
an important role in the formation of the flower morphology. When the precursor TiF4 
was used in the hydrothermal synthesis, the following stepwise hydrolysis reaction 
may occur (Yang et al., 2003a).  
 
TiF4 + H2O → TiF3(OH) + HF                                                         
TiF3 (OH) + H2O → TiF2 (OH) 2 + HF                                             
TiF2 (OH) 2 + H2O → TiF(OH) 3 + HF                                             
TiF(OH)
 3 + H2O → Ti(OH) 4 + HF                                                  
Ti(OH)
 4 + HF → TiO2-xFx + H2O                                                      
 
Meanwhile, with the hydrolysis reaction carrying on, HF, a corrosive chemical 
etchant, was released as a hydrolysis product which may promote the formation of the 
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flower morphology by concurrently etching the surface of TiO2 and the interiors of 

















Figure 4.4. Field emission SEM images of the prepared F-doped TiO2 powders by 
hydrothermal synthesis at (A) 140 oC, (B) 180 oC, and (C) 220 oC. (D) is the enlarged 
image of the part marked by rectangle in (B). 
 
4.3.5 TEM 
TEM images of the flower-like F-doped TiO2 hollow microspheres prepared 
by hydrothermal synthesis at different temperatures were shown in Figure 4.5. It is 
obvious that the sample prepared at 180 oC exhibited a well-developed flower 
A B 
C D 
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morphology and uniform particle size, comparing to the other two samples. To date, 
the mechanism for the formation of the final structure morphology by interaction 
between primary particles remains a myth, although many kinds of flower-like 3D 
structures have been reported (Wang et al., 2004; Fang et al., 2005). Several factors, 
including crystal-face attraction, electrostatic and dipolar fields associated with the 
aggregate, van der Waals forces, hydrophobic interactions, and hydrogen bonds, may 
have various effects on the self-assembly (Politi et al., 2004; Colfen et al., 2005). 
Based on our the experimental condition, the formation of the flower-like F-doped 
TiO2 crystallites could be attributed to homogeneous nucleation, which indicates that 
the new TiO2 particles were formed on the existing TiO2 particles, taking place on 
some defect sites of the elongated crystallites formed earlier (Yang et al., 2003b). 
From the point of the effect of hydrogen bond, it is also reasonable that the hydrogen 
bond formed on the surface of F-doped TiO2 hollow microspheres may exert, to some 
extent, some effect on the formation of the flower-like F-doped TiO2 hollow 
microspheres. It is well-known that the surface of TiO2 is readily hydroxylated to 
form the titanol TiOH, of which the OH group can form hydrogen bond with the 
generated HF by the hydrolysis reaction. The formation of flower-like F-doped TiO2 
microspheres was proposed to result from the self-assembly and organization of 
hydrogen bonds which were attached to the single titanium dioxide nanocrystallites, 

























Figure 4.5. TEM images of the prepared flower-like F-doped TiO2 hollow 
microspheres by hydrothermal synthesis at different temperatures: A) 140 oC, B) 180 



























Figure 4.6. a) FESEM, b) TEM, c) SAED and d) high resolution TEM image of the 


































Scheme 4.1. Illustrations for the formation of hydrogen bond between titanol group, 
TiOH and reaction generated HF. 
 
With regard to the hollow effect of the sample prepared at 180 oC shown in 
Figure 4.6b, it has already been recognized that the Ostwald ripening process, which 
must involve the mass transfer between the solid core and external chemical solution 
through intercrystallite interstitials of the microspheres, must be involved in the 
formation of the hollow interiors of flower-like F-doped TiO2 microspheres (Yang et 
al., 2004). Under the synthetic conditions, the petals in the flower-like F-doped TiO2 
hollow microspheres are very smooth and are single crystalline TiO2 elongated along 
the [001] direction as evidence in Figure 4.6b, which is in good agreement with 
commonly observed anatase mineralogical orientation [001], the preferential growth 
direction for the anatase crystallites. The SAED pattern (Figure 4.6c) shows that the 
reciprocal [001]* is parallel to the real space [001] of the examined crystallite. 
However, the individual F-doped TiO2 hollow microsphere was polycrystalline. 
With the new TiO2 crystallites formed on the existing TiO2 crystallites, the 
continuous growth of existing single-crystalline nuclei will lead to the formation of 
polycrystalline flower-like crystallites owing to the coalescence of these randomly 
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formation of polycrystalline flower-like F-doped TiO2 hollow microspheres implied 
that there is either an increase in supersaturation or an increase in energetically 
favorable nucleation sites with reaction time. The HRTEM image shown in Figure 
4.6d revealed that the resolved spacing of about 0.352 nm corresponds to the (101) 
lattice planes of anatase TiO2. 
 
4.3.6  Photoactivities evaluation 
Photocatalytic activity experiments have been carried out with the prepared 
flower-like F-doped TiO2 hollow microspheres for the photodegradation of methylene 
blue (MB) under visible light irradiation. Figure 4.7 shows the UV-vis spectra of MB 
solution after degradation over F-doped TiO2 (180 oC) photocatalyst under visible 
light irradiation for different hours.  F-doped TiO2 prepard at 180 oC almost 
completely mineralized the MB solution and no intermediates were observed. 
Photocatalyzed N-demethylation of MB occurs concurrently and some intermediates 
are derived from the N-demethylated MB (Zhang et al., 2001). According to earlier 
studies, absorption bands of N-demethylated analogs of MB in visible range were 
seen at 646-664 nm for Azure B (blue color in aqueous solution), at 620-634 nm for 
Azure A (blue), at 608-612 nm for Azure C (blue), and at 602.5 nm for Thionine (first 
yields a blue color, then a violet solution) (Zhang et al., 2001). These characteristic 
bands were discernible in Figure 4.7. The bands at 292 nm and 246 nm decreased 
significantly and no new bands appeared, which indicated that fully oxidized form 




















Figure 4.7. The UV-vis spectra of degradation of MB solution under visible light 
irradiation (λ > 420 nm) after different irradiation time over 180 oC F-TiO2 
photocatalyst. Reaction conditions: C0 = 15 ppm; Catalyst loading: 0.5 g/L. 
 
Figure 4.8 illustrates the photocatalytic activity for the degradation of MB 
under visible light irradiation over the flower-like F-doped TiO2 hollow microspheres 
prepared by hydrothermal synthesis at different temperatures. The maximum 
photocatalytic activity was observed for F-doped TiO2 prepared by hydrothermal 
method at 180 oC, comparing to the samples prepared at 140 oC and 220 oC. The 
possible reason is that F-doped TiO2 prepared at 180 oC displayed a more well-
organized flower structure with uniform-distributed petals than the other two samples, 
which is thought to produce less defect sites, the recombination centers for the 
photogenerated electrons and holes, resulting in the high photoactivities. Furthermore, 
the adsorption ability of F-doped TiO2 prepared at 180 oC on methylene blue is higher 
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than that of other two samples  (before turning on the light). The higher the adsorption 
ability of a photocatalyst is, the higher the photoactivity. 
   
Generally, the photocatalysts, such as N-doped TiO2, C-doped TiO2, and S-
doped TiO2, showing photocatalytic activity under visible light irradiation, should 
possess an absorption in visible region (Asahi et al., 2001; Khan et al., 2002; Ohno et 
al., 2003). However, it is surprising that TiO2 doped with F can still exhibit 
photocatalytic activity for the degradation of MB solution because F doping into TiO2 
does not lead to a shift of the absorption edge to visible light as indicated in Figure 4.2 
and theoretical band calculations. This is not difficult to understand. It has been 
reported that an absorption spectrum could not completely correspond to the spectral 
limit of a photocatalytic reaction because general UV-vis absorption spectra only 
reflect the intrinsic optical property for the bulk of a solid, however, the actual 
absorption spectrum of a photocatalyst is an overlapping result of intrinsic and 
extrinsic absorption bands (Emeline et al., 1999; Li et al., 2005a). The photoexcitation 
of extrinsic absorption bands of a photocatalyst can also lead to surface 
photoreactions. The extrinsic absorption originates from the photoionization of 
original or newly formed defects and the excitation of surface states. Such extrinsic 
absorption requires less energy to activate. Therefore, it is possible to generate free 
charge carriers to induce surface chemical reactions by using visible light. The 
extrinsic absorption can be achieved by the creation of oxygen vacancies. XPS 
investigation confirmed that F atoms are doped into the oxygen sites of the TiO2 
lattice. When -1 F ions replace the -2 oxygen sites, a charge imbalance is created. The 
excess positive charge is possibly neutralized by the hydroxide ions by forming 
surface adsorbed hydroxyl groups. Therefore, more reactive oxygen species such as 
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hydroxyl radicals will be generated, which further confirms the existence of oxygen 
vacancies. These oxygen species, which have strong oxidative abilities, are playing an 
















Figure 4.8. Photocatalytic decomposition of MB over different photocatalysts under 
visible light irradiation (λ > 420 nm). Reaction conditions: C0 = 15 ppm; Catalyst 
loading: 0.5 g/L. 
 
The photocatalytic activity of the prepared F-doped TiO2 powders can be 
quantitatively evaluated by comparing the apparent reaction rate constants. The 
photocatalytic degradation generally follows a Langmuir-Hinshelwood mechanism. 
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where KMB is the adsorption equilibrium constant for MB. kp is the overall rate 
constant which includes various parameters. Al-Ekabi and Serpone (1988) have 
admitted that the rate must include competitive adsorption by solvent, intermediates 










                                                                           (4.2) 
where Ki is the adsorption equilibrium constant for solvent, intermediates and 
pollutants. Beltran-Heredia  et al. (2001) made the following assumption:  
0,MBMBiiMBMB cKcKcK =+∑                                                                            (4.3) 
where cMB,0 is the initial concentration of MB. By substituting Eq.(3) into Eq. (2), the 








=                                                                                         (4.4) 
 
In this experiment, oxygen was continuously bubbling into the suspension. 
Therefore, effect of oxygen adsorbed on the surface of F-doped TiO2 must be 
considered in the expression of rate equation. Kormann  et al. (1991) and Crittenden 
et al. (1997) proposed a noncompetitive Langmuir-Hinshelwood model for adsorption 













∝                                                                                             (4.5) 
where 
2OK is the adsorption equilibrium constant of oxygen.  The above equation 
shows that the reaction rate is proportional and independent of oxygen concentration 
at low and high O2 concentration, respectively. Hence, the rate equation can be 
written as follows: 
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When O2 concentration and light intensity ( Ia ) are constant, the rate equation 
































Eq. (7) shows a pseudo-first-order reaction with respect to the MB concentration. 
 
Since the initial concentration of MB is low (cMB,0 =15 ppm= 4.8×10-5 mol/L), 
the term 0,MBMBcK in the denominator can be neglected with respect to unity, and the 
rate equation becomes, apparently, first order. 
MBMBMBcMB kccKkr ==                                                                                (4.8) 
where k is the apparent rate constant of pseudo-first-order. The integral form c=f(t) of 
the rate equation is  
ln c/c0 = k t                                                                                                   (4.9) 
 
Figure 4.9 shows the determination of rate constant for MB degradation over 
F-doped TiO2 photocatalyst prepared at different hydrothermal temperatures. It is 
indicated that the photodegradation of MB over the prepared flower-like F-doped 
TiO2 hollow microspheres at different hydrothermal temperatures follows roughly the 
pseudo-first-order reaction after 5 h illumination and the rate constant for MB 
degradation over F-doped TiO2 prepared at 140 oC, 180 oC, and 220 oC was 
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determined to be 0.0192 h-1, 0.1038 h-1, and 0.1447 h-1, respectively. It is obvious that 
F-doped TiO2 prepared at 180 oC exhibited the superior photocatalytic activity for the 





























Figure 4.9. Determination of the apparent rate constants for MB degradation reaction 
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4.4 Conclusions  
In summary, flower-like F-doped TiO2 hollow microspheres were synthesized 
by hydrothermal treatment of TiF4 powder in HCl solution in 180 oC. The formation 
of flower-like F-doped TiO2 can be attributed to homogeneous nucleation, which 
indicates that the new TiO2 particles were formed on the existing TiO2 particles, and 
the formation of hydrogen bond between titanol group existed on the surface of TiO2 
and HF generated by hydrothermal reaction. The formation of hollow interiors of F-
doped TiO2 must involve the Ostwald ripening process. Meanwhile, the reaction 
generated HF, as a corrosive chemical etchant, may also accelerate the formation of 
the hollow interiors of F-doped TiO2. XPS investigation confirms that F was doped 
into TiO2 lattice by the substitution of the oxygen in TiO2 lattice by F- ions generated 
by the hydrolysis of the precursor, TiF4. Photocatalytic activity tests show that flower-
like F-doped TiO2 hollow microspheres prepared at 180 oC exhibited the highest 
activity for the degradation of MB under visible light irradiation, which can be 
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CHAPTER 5  
Bismuth Titanate Bi12TiO20 as Photocatalysts for Methanol 
Degradation under Visible Light Irradiation (λ > 440 nm) 
5.1  Introduction  
Semiconductor photocatalysis has received increasing interest in water 
splitting and degradation of organic pollutants in water and air since the discovery of 
the photosensitization of TiO2 electrode (Fujishima et al., 1972; Hoffmann et al., 
1995; Linsebigler et al., 1995). With regard to water treatment, photocatalysis has 
many advantages over other treatment methods, such as using environmentally 
friendly oxidant O2, reaction at room temperature, and complete oxidation of organic 
compounds even at low concentrations (Falconer et al., 1998; Tao et al., 2001). 
Among all the photocatalysts, TiO2 is the most studied one because of its chemical 
stability, nontoxicity, and high photocatalytic reactivity (Muggli et al., 1998; 
Yoneyama et al., 2000; Tsumura et al., 2002). However, the TiO2 photocatalyst 
mainly absorbs ultra-violet (UV) light, giving rise to very low energy efficiency. 
Therefore, new photocatalysts that can be activated under visible-light irradiation 
have been exploited for many years. 
Generally, two approaches can be exploited to develop photocatalysts 
responsive to visible-light irradiation (Tang et al., 2004). One involves the 
modification of TiO2. The other one is to search for a new material. With regard to the 
first route, Asahi et al. (2001) reported that a TiO2 catalyst doped with N element 
absorbed visible light, and displayed a higher photocatalytic activity for the 
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decomposition of methylene blue than the TiO2 without N doping under visible light 
irradiation. The authors proposed that the substitution of N for O atoms in TiO2 was 
responsible for the observed bandgap narrowing and enhancement of photocatalytic 
activity. Subsequently, doping with other non-metal elements in TiO2 was 
investigated (Khan et al., 2002; Yu et al., 2002; Ohno et al., 2003; Zhao et al., 2004). 
It has also been reported that the electronic properties of a TiO2 photocatalyst can be 
modified by implantation of transition metal cations, such as Fe, V and Cr, which 
were believed to replace the Ti4+ sites of TiO2 (Takeuchi et al., 2000; Anpo et al., 
2003; Yamashita et al., 2003; Zhou et al., 2006). While the ion-implantation method 
is effective in lowering the bandgap of TiO2, it is not practical for mass production 
owing to the high cost (Anpo et al., 2005). 
Alternatively, developing a new material that can be used for the degradation 
of organic compounds under visible light irradiation is becoming more and more 
attractive. Many kinds of mixed metal oxides consisting of TiO6, NbO6 and TaO6 
octahedra units, such as BaTi4O9, SrTiO3, La2Ti2O7, PbBi2Nb2O9, NaTaO3, and In1-
xNixTaO4, have been described as a photocatalyst for water splitting (Inoue et al., 
1990; Domen et al., 1982; Kim et al., 1999; Kim et al., 2004; Kato et al., 2001; Zou et 
al., 2001). These perovskite-type oxide materials have a common property, i.e., the 
transition metals have a d0 electron configuration, which enables them to be an 
efficient photocatalyst for water splitting under UV light irradiation. While some of 
the materials were shown to display photoactivity for water splitting under visible 
light irradiation, the activity is usually low. Generally, perovskite-type oxides in 
which the transition metals have a d0 electron configuration possess a large bandgap, 
not suitable for visible-light-induced photocatalysis (Kim et al., 2004). However, if a 
valence-band-control element was introduced into these materials, they should be 
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promising photocatalysts with suitable bandgap responsive to visible light irradiation. 
A previous study has reported that the valence band control by the Bi 6s or hybrid Bi 
6s - O 2p orbitals can provide information for the development of visible-light-driven 
photocatalyst (Kudo et al., 1999). It is also well-known that the position of the 
valence band of a semiconductor is a key factor for the effective photocatalytic 
decomposition of organic contaminants. The deeper the valence band is, the stronger 
its oxidative activity is, and the higher its photocatalytic activity is. Therefore, it is of 
great interest to prepare visible-light-driven photocatalyst using the non-toxic 
precursor, TiO2 and the valence-band-control precursor, Bi2O3.   
Bismuth titanate Bi12TiO20 (BTO), a Bi-containing Ti-based (d0) 
photocatalyst, which is one of the most frequently investigated sillenites because of its 
interesting properties, such as high electro-optical coefficient, low optical activity, 
and high photosensitivity in the visible region (Mihailova et al., 1999). A previous 
report has shown that a single Bi12TiO20 crystal exhibited a high photoactivity for the 
decolorization of methylene blue under UV irradiation, but a very low photoactivity 
under visible light irradiation (Yao et al., 2003). The objective of the work in this 
chapter is to improve the photocatalytic activity of Bi12TiO20 under visible light 
irradiation. Polycrystalline Bi12TiO20 materials were prepared by using solid-state 
reaction, and characterized with a number of instrumental analysis techniques. The 
photocatalytic properties of the materials for the decomposition of methanol into CO2 
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5.2  Experimental details  
5.2.1  Synthesis of Bi12TiO20 
Bi12TiO20 (BTO) samples were prepared using the solid-state reaction method. 
High-purity Bi2O3 and anatase-TiO2 (analytical grade) of different molar ratios (the 
molar ratio of Bi2O3 to TiO2: 0.5, 1, 2, 4) were mixed in an ethanol solution and 
grounded in an agate mortar for 1 h. The mixture was dried at 60 oC for 1 h, followed 
by calcination at different temperatures (500, 600, 800 oC) for 2 h. The samples thus 
obtained are denoted as BTO-X-Y, where X refers to the molar ratio of Bi2O3 over 
TiO2 (B/T), and Y is the calcination temperature.  
 
 
5.2.2 Characterization of Bi12TiO20 
The structural properties of the samples were characterized with a Shimadzu 
XRD-6000 X-ray diffractometer using Cu Kα irradiation at a scan rate of 5° min-1. 
UV-vis diffuse reflectance spectra were recorded on a Shimadzu UV 2550 
spectrophotometer at room temperature. Lattice fringes of the BTO samples were 
obtained on a high-resolution transmission electron microscope (HRTEM, JEOL 
JEM-2010F) with an accelerating voltage of 200 kV. Fourier transform infrared 
(FTIR) spectra were collected on a Bio-Rad FTS-3500 FT-IR spectrometer (Bio-Rad 
Laboratories, USA). Raman spectra were recorded on a Raman spectrometer (JOBIN 
YVON HR800 UV, Horiba) equipped with a CCD detector using a 514.5-nm exciting 
line of a NIR laser.  
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5.2.3 Calculation of band structure 
The plane-wave-density function theory (DFT) calculation was performed 
using a CASTEP program package (Materials Studio, ACCELRYS Inc.) (Payne et al., 
1992).  In our calculation, the electronic wave functions were expanded in a plane-
wave basis set up to a 340 eV cutoff. The electronic exchange-correlation energy was 
treated within the framework of the generalized gradient approximation (GGA-PBE). 
The ultrasoft pseudo-potentials were chosen in the calculation.  
 
5.2.4 Evaluation of photocatalytic activities 
The photocatalytic decomposition of methanol was measured in a sealed Pyrex 
vessel (the cutoff wavelength of Pyrex glass: ca. 300 nm) using a 300 W Xe Lamp 
(ILC Technology, Japan, CERMAX, LX-300) operated at 200 W with different long-
pass cutoff filters (HOYA, cutoff wavelength: L42: 420 nm; Y44: 440 nm; Y48: 480 
nm; Y50: 500 nm, Y52: 520 nm) at room temperature. About 2 g of a photocatalyst 
sample was uniformly spread over a dish of 3.0 cm in diameter in a 500-mL Pyrex 
vessel. After the sample was sealed in the vessel, 1.5 µL of methanol was injected 
into the vessel. Before turning on the light, the sample was kept in the dark for 30 min 
to ensure the adsorption equilibrium between methanol and the photocatalyst (the 
initial concentration of methanol was about 1650 ppm). The reaction products were 
analyzed using a gas chromatography (Shimadzu GC-14B) with a Porapak Q 4 m 
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5.3 Results and discussion 
5.3.1 X-ray diffraction 
The XRD patterns of the various prepared polycrystalline BTO samples after 
calcination at 600 oC for 2 h are shown in Figure 5.1A. It can bee seen that the 
crystallinity of the samples is quite high. Two crystalline phases can be identified 
from the XRD patterns, namely a major phase, which is cubic Bi12TiO20 (JCPDS file 
no. 34-0097), and a minor phase, which is cubic Bi12TiO20 (JCPDS file no. 42-0186). 
The lattice parameters of the major cubic Bi12TiO20 phase are a = b = c = 10.17 Å, in 
good agreement with that given in the JCPDS data files for crystalline Bi12TiO20. The 
minor cubic Bi12TiO20 phase (JCPDS file no. 42-0186) appeared with lattice 
parameters of a = b = c = 5.58 Å. It is also seen that with the increase in the molar 
ratio of B/T from 1 to 4, the minor phase changed from tetragonal Bi4Ti3O12 (JCPDS 
file no.47-0398), a metastable phase during the formation of Bi12TiO20 by solid-state 
reaction, to cubic Bi12TiO20 (JCPDS file no. 42-0186) and finally to monoclinic Bi2O3 
(Fu et al., 1997). When the molar ratio of B/T reached 4, the addition of excess 
amounts of Bi2O3 did not make them take part in the reaction of the formation of 
Bi12TiO20, but existed as Bi2O3. Figure 5.1B shows the XRD patterns of BTO samples 
(B/T = 2) calcined at different temperature. The XRD pattern of BTO-2-500 was the 
same as that of Bi2O3, which indicates that the temperature of the formation of 
Bi12TiO20 should be higher than 500 oC. When the temperature increased to 800 oC, 
the minor phase changed to tetraganol Bi4Ti3O12. High temperature calcination 



















































Figure 5.1. (A) XRD patterns of calcined BTO samples at 600 oC and prepared with 
different B/T molar ratios: (a) 1, (b) 2, and (c) 4, and (B) XRD patterns of sample 
BTO-2-Y calcined at different temperatures: (1) 500, (2) 600, and (3) 800 oC. The 
dominant phase of all BTO samples is Bi12TiO20 (JCPDS file no. 34-0097) as 
indicated by the (310) plane. #120 represents the 120 plane of monoclinic Bi2O3 
(JCPDS file no. 41-1449); *111 represents the 111 plane of cubic phase Bi12TiO20 
(JCPDS file no. 42-0186); +117 represents the 117 plane of tetragonal Bi4Ti3O12 
(JCPDS file no. 47-0398). 
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5.3.2 HRTEM 
The existence of the major cubic Bi12TiO20 phase and the minor phase in the 
BTO samples is also evidenced by the HRTEM images shown in Figure 5.2. The 
characteristic planes of the major cubic Bi12TiO20 phase are the (310) and (321) 
planes. The lattice fringes in Figure 5.2B for sample BTO-2-600 are seen to be about 
0.328 and 0.194 nm, which correspond to the (310) plane of the major cubic 
Bi12TiO20 phase and the (220) plane of the minor cubic Bi12TiO20 phase, respectively. 
In addition, the inset in Figure 5.2D shows the presence of the (117) plane of the 
tetragonal Bi4Ti3O12 phase. The HRTEM results further confirmed the existence of 




Figure 5.3 shows the UV-vis diffuse reflectance spectra of the BTO samples. 
The BTO sample prepared with a molar ratio of B/T = 0.5 displayed a pale yellow 
color after calcination at 600 oC, and its bandgap estimated from the onset of the 
absorption edge of the UV-Vis diffuse reflectance spectrum is about 3.07 eV. In 
contrast, the BTO sample prepared with a molar ratio of B/T = 2 showed a vivid 
yellow color after calcination at 600 oC, and its bandgap was estimated to be about 
2.78 eV. It is obvious that the onset of the absorption edge of the BTO samples was 
shifted to the visible light region as the molar ratio of B/T was increased. In addition, 
the bandgap of the BTO samples monotonically became narrower and narrower as the 
molar ratio of B/T was increased. This may be due to the formation of Bi12TiO20 
phase, which narrows the bandgap pf BTO-2-600 sample. The different narrowness of 
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Figure 5.2. High-resolution TEM images of BTO samples: (A) BTO-2-500, (B) BTO-
2-600, (C) BTO-4-600, and (D) BTO-2-800. Inset of (D): the lattice fringe is found to 
be 0.292 nm, which corresponds to the 117 plane of tetragonal Bi4Ti3O12 phase. 
 
minor phase in the BTO samples. With considering the bandgap of monocrystalline 
Bi12TiO20, 2.4 eV reported by Yao et al. (2003), it is likely that the narrowness of the 
bandgap of sample BTO-2-600 was due to the formation of two mixed cubic phase 
Bi12TiO20. As shown in Figure 5.3, the spectra of the prepared BTO samples 
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possessed steep absorption edges, indicating that the absorption in the visible light 
region may not be due to the transition from the impurity level but due to an intrinsic 

































Figure 5.3. UV-vis/Diffuse Reflectance Spectra of BTO samples: (a) P25, (b) BTO-



























Chapter 5. Bismuth Titanate as Photocatalyst 
114 
5.3.4 Band structure and DOS 
The electronic structure of Bi12TiO20 (JCPDS file no. 34-0097) was studied by 
the plane-wave-density function theory method using a CASTEP program package. 
Figure 5.4 shows the band structure and density of state of Bi12TiO20. It can be seen 
that Bi12TiO20 has a clear bandgap. Three occupied bands and one unoccupied band 
are seen from the density of the state diagram, in which the bands consist of O 2s, Bi 
6s, O 2p, and Ti 3d orbitals in turn from the lowest to the highest band. Among them, 
the highest occupied band is composed of Bi 6s and O 2p, corresponding to the 
valence band (VB). The lowest unoccupied band consists of Ti 3d, corresponding to 
the conduction band (CB). It is obvious that the Bi 6s and O 2p bands are hybridized 
to form the VB of Bi12TiO20. Therefore, the band structure of Bi12TiO20 is determined 
by Ti 3d and the hybridized band of Bi 6s and O 2p. This hybridization shifted the VB 

































































Figure 5.4. Band structure and density of state for Bi12TiO20 calculated by the plane- 
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5.3.5 FT-IR and FT-Raman spectroscopy 
The FT-IR spectra of the BTO samples are shown in Figure 5.5. The FT-IR 
absorption peaks seen from spectra b-e in Figure 5.5 at about 460, 524, 587, 660, and 
817 cm-1 can be assigned to Bi12TiO20 nanocrystals (Vasconcelos et al., 2001; Burattni 
et al., 1988). It should be noted that the FT-IR absorption mode at 817 cm-1 was not 
identified in the work of Burattni et al.(1988). One possible reason is that the BTO 
samples prepared in this work were powdery polycrystalline materials, which can 
display a slightly different infrared spectrum from that of a single BTO crystal. The 
large bandwidth of the optical lines associated with the polycrystalline characteristics 
of the samples can also be explained similarly (Yao et al., 2002). With increasing the 
molar ratio of B/T, the IR absorption mode at 817 cm-1 became weaker and weaker, 
suggesting the formation of Bi12TiO20 crystals, which is in good agreement with XRD 
patterns. The absorption band at 838 cm-1 seen from spectrum f of Figure 5.5 is 
attributed to Bi2O3. With increasing the calcination temperature to 600 oC, this IR 
absorption mode was shifted to 817 cm-1, which may be due to the effect of the minor 
phase Bi4Ti3O12. The IR absorption peak at 963 cm-1 seen from spectrum b in Figure 
5.5 is associated with the metastable phase, Bi4Ti3O12.  
Figure 5.6 shows the FT-Raman spectra of the BTO samples in the range 200-
1000 cm-1. The Raman spectra of the BTO samples calcined at 600 and 800 oC were 
similar, but different from the spectrum of the BTO sample calcined at 500 oC. This 
indicates that the BTO sample calcined at different temperature possess different 
crystalline structures. As can be seen from lines a-d in Figure 5.6, the BTO samples 
calcined at 600 and 800 oC display five major peaks at 206, 262, 319, 448, and 537 
cm-1, respectively. The strongest peak appeared at 537 cm-1 is attributed to the 
vibration of O-O bond in Bi12TiO20 and the opposing excursions of the external apical 
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oxygen atoms of the TiO6 octahedra in Bi4Ti3O12 (Mihailova et al., 1999; ). The peaks 
at 206 and 262 cm-1 are due to Bi-O stretching and bending vibrations and O-Ti-O 
bending vibration. With the increase in the quantity of Bi2O3 in the precursor mixture, 
the peak at 262 cm-1 became weaker and weaker and was shifted to a higher position 
at about 278 cm-1. The excess addition of Bi2O3 to the precursor mixture did not lead 
to the formation of Bi12TiO20 crystals but existed as Bi2O3 phase as shown in Figure 
5.6c and e. The peaks at 319 and 448 cm-1 present in all of the samples, were all 
dominated by O-O vibration. The mode at 638 cm-1 is ascribed to weak Bi-O 
stretching, whereas the modes at 717 and 850 cm-1 are assigned to symmetric and 
















Figure 5.5. Infrared spectra of the prepared Bi12TiO20 polycrystalline crystals: (a) 
BTO-0.5-600, (b) BTO-1-600, (c) BTO-2-600, (d) BTO-4-600, (e) BTO-2-800, and (f) 
BTO-2-500. 
 




















































Figure 5.6. Raman spectra of the prepared Bi12TiO20 polycrystalline crystals: (a) 
BTO-1-600, (b) BTO-2-600, (c) BTO-4-600, (d) BTO-2-800, and (e) BTO-2-500. 
 
5.3.6 Photocatalytic activities 
The photocatalytic activity of the prepared BTO samples was evaluated by the 
photo-oxidation of methanol to CO2 under visible light irradiation. Figure 5.7 shows 
the profile of yields of CO2 by the photo-oxidation of methanol over P25, TiO2, and 
the prepared BTO samples under visible light irradiation (λ > 420 nm). It is noted that 
P25 showed the highest yield of CO2 among the investigated photocatalysts. A 
possible reason is that the filter used in the experiment cannot thoroughly cut off the 
UV portion of irradiation light. As a result, this portion of UV light penetrates the 
filter to arrive at the surface of P25, enabling P25 to be photoactive for the 
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decomposition of methanol. To confirm that the above explanation is correct, another 
cutoff filter Y-44 (λ > 440 nm) was used to investigate the photoactivity of P25, as 
shown in Figure 5.8. It is found that the photoactivity of P25 remarkably decreased, 





























Figure 5.7. Evolution of CO2 from the photodecomposition of methanol over different 
photocatalysts under visible light irradiation (λ > 420 nm). (1) P25 (2) BTO-2-500 (3) 
BTO-4-500 (4) BTO-0.5-600 (5) BTO-1-600 (6) BTO-2-600 (7) BTO-4-600 (8) 
BTO-0.5-800 (9) BTO-1-800 (10) BTO-2-800 (11) BTO-4-800. Reaction time: 5 h. 
 
The photocatalytic activity of the BTO samples was evaluated by the photo-
oxidation of methanol to CO2 under visible light irradiation. The yield profiles of CO2 
catalyzed by Degussa P25, TiO2 (anatase), and the BTO samples prepared in this 
work under visible light irradiation (λ > 420 nm) were compared. It is noted that P25 
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showed the highest yield of CO2 among the investigated photocatalysts. A possible 
reason is that the filter we used in the experiment cannot thoroughly cut off the UV 
portion of irradiation light. As a result, this portion of UV light penetrates the filter to 
arrive at the surface of P25, enabling P25 to be photoactive for the decomposition of 
methanol.  
 
The BTO samples calcined at 600 and 800 oC showed photocatalytic activity 
for the decomposition of methanol under visible light irradiation (λ > 420 nm), 
whereas the photocatalytic activity of BTO sample calcined at 500 oC was negligible. 
It should be noted that the XRD pattern of the major phase of sample BTO-2-600 is 
the same as that of the Bi12TiO20 monocrystals described in work by Yao et al. (2003), 
in which the authors synthesized a single phase of Bi12TiO20 crystals, which showed a 
very low photocatalytic activity for the photo-decolorization of methyl orange in 10 
ppm aqueous solution under visible light irradiation (λ > 420 nm). But BTO-2-600 
sample displayed a high photocatalytic activity for the decomposition of methanol 
under visible light irradiation. The existence of two cubic Bi12TiO20 phases in BTO-2-
600 may be the reason for its high photocatalytic activity. 
 
In the case of the BTO samples calcined at 600 oC, the photoactivities varied 
with the molar ratio of B/T. Amongst, catalyst BTO-2-600 exhibited the highest 
photoactivity. Despite the increase of photoactivity of BTO samples calcined at 600 
oC with the increase of the quantity of Bi2O3, the highest photoactivity of sample 
BTO-2-600 suggests that there exists an optimal quantity of Bi2O3. Experimental data 
showed that further increase in the quantity of Bi2O3 in the precursor did not result in 
obvious enhancement of photoactivity. Although BTO-0.5-600 possessed an 
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absorption band in the visible region as shown in Figure 5.3, it did not show high 
photoactivity when illuminated by visible light. However, BTO-2-600 showed 
relatively high photocatalytic activity when, especially, illuminated by visible light (λ 
> 440 nm). Based on the experimental results of the photoactivity of all of the 
photocatalysts when illuminated with light of wavelength longer than 420 nm, the 
investigation of the photoactivity of BTO samples calcined at 600 oC for the 
decomposition of methanol was carried out using a cutoff filter with wavelength 
longer than 440 nm as shown in Figure 5.8. The results are consistent with the results 
obtained that BTO-2-600 showed the highest photoactivity when irradiated by light 
with wavelength longer than 420 nm.  
The high photoactivity of the prepared polycrystalline Bi12TiO20 may be 
related with its band structure. As shown in Figure 5.4, the unoccupied conduction 
band was composed of the Ti 3d orbital, while the valence band was composed of Bi 
6s orbital and O 2p orbital, namely a hybrid orbital of Bi 6s and O 2p. The Bi 6s 
orbital is largely dispersed in this hybrid orbital probably promoting the increase in 
the mobility of photogenerated carriers (Kim et al., 2004; Kudo et al., 1999).  
 
Generally, the photocatalytic activity of a photocatalyst for the photo-
oxidation of organic compounds is mainly related to two factors: (1) the position of 
valence band of the photocatalyst, and (2) the mobility of photogenerated carriers (Liu 
et al., 2005; Ikarashi et al., 2002). In the hybridized valence band of Bi12TiO20, the 
photogenerated holes possessed a high mobility, which contributed to the high activity 
of the photocatalyst. With considering the crystal structure of Bi12TiO20, the Bi-O 
polyhedra in Bi12TiO20 may serve as the active electron donor sites, which enhances 
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the electron transfer to O2 and eliminates the recombination of the photogenerated 















Figure 5.8. Yield of CO2 from the photodecomposition of methanol over different 
photocatalysts under visible light irradiation (λ > 440 nm): (1) P25, (2) BTO-0.5-600, 
(3) BTO-1-600, (4) BTO-2-600, and (5) BTO-4-600. Reaction time: 5 h. 
 
Figure 5.9 shows the wavelength dependence of methanol decomposition over 
catalyst BTO-2-600. It can be seen that the yield of CO2 decreased with increase in 
wavelength of light and decrease in light power. BTO-2-600 still showed obvious 
photoactivity even though the light wavelength reaches 500 nm and finally lost its 
photoactivity when the light wavelength was longer than 500 nm. Prior to the 
decomposition of methanol under visible light irradiation, a series of dark 
experiments, including reactions without photocatalysts and without light irradiation, 
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Figure 5.9. Dependence of the yield of CO2 upon light wavelength for the 
photodecomposition of methanol over photocatalyst BTO-2-600. Catalyst loading: 2 g. 
Reaction time: 5 h. Initial concentration of methanol: 1650 ppm. The inset shows the 
relevant wavelength dependence upon the light power. 
 
that the reaction of decomposition of methanol is driven by light and the absorption 
property of the photocatalysts dominates the reaction rate. In other words, the 
decomposition of methanol into CO2 over the photocatalysts is a photocatalytic 
reaction (Tang et al., 2004). 
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5.4 Conclusions 
In conclusion, polycrystalline Bi12TiO20 photocatalyst, which is responsive to 
visible light irradiation below 500 nm, has been successfully prepared by a simple 
solid-state reaction. The photocatalytic activity of the prepared photocatalysts was 
investigated by the photo-oxidation of methanol to CO2. The bandgap of 
polycrystalline Bi12TiO20 photocatalyst was estimated to be 2.78 eV from the onset of 
absorption edge. The high photocatalytic activity of Bi12TiO20 sample prepared at a 
2:1 molar ratio of Bi2O3 to TiO2 and calcined at 600 oC can be attributed to the crystal 
structure, in which Bi-O polyhedra serves as electron donor sites, enhancing the 
electron transfer, the existence of two mixed cubic crystalline Bi12TiO20 phases, and 
band structure, in which hybridization of Bi 6s with O 2p increases the mobility of 
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CHAPTER 6  
Modification of TiO2 by Ion Implantation Method and its 
Photoactivity under Visible Light Irradiation (λ > 450 nm) 
6.1 Enhancement of the photoactivity of P25 TiO2 by vanadium ion 
implantation method 
6.1.1  Intorudction 
In chapter 3, metal-doped TiO2 was prepared and its photoactivitied were also 
investigated. However, its photoactivitied were limited in the UV light region. To 
extend the photoactivities of metal-doped TiO2, another methods, namely metal ion 
implantation method, will be investigated in this chapter. It is well-known that the 
application of TiO2 as a photocatalyst for daylight-induced chemical reactions is 
hampered by its large bandgap energy (3.2 eV), which requires UV light to 
photoactivate itself, thus resulting a loss energy efficiency (Wu et al., 1999). The 
efficient utilization of solar energy is one of the major goals of modern science and 
engineering that will have a great impact on technological applications (Burda et al., 
2003). Hence, it is of vital interest to develop a photocatalyst with a high 
photocatalytic activity under visible light irradiation. Metal-ion-implantation method 
is one of the most important methods in the realization of visible-light-responsive 
TiO2. 
 
To lower the bandgap energy of TiO2, earlier studies dealt with doping of 
transition metals into TiO2 (Klosek et al., 2001; Fuerte et al., 2001). However, there 
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has been a debate regarding the effect of a doped metal ion on the reactivity of TiO2 
(Karakitsou et al., 1993; Choi et al., 1994; Serpone et al., 1994; Yu et al., 1998). 
Some studies showed that doping of metal ions such as V5+, Cu2+, Fe3+, and W6+ in 
TiO2 led to an enhanced photoactivity whereas others demonstrated an opposite trend, 
namely a reduced photoactivity (Di Paola et al., 2002; Bahnemann et al., 2002; 
Nagaveni et al., 2004; Zhu et al., 2004). Nonmetals were also doped into TiO2. Asahi 
et al. (2001) reported that doping of TiO2 with nitrogen to form TiO2-xNx can shift the 
optical absorption into the visible region. A similar study on a chemically modified, 
carbon-substituted TiO2 showed the absorption of light at wavelengths below 535 nm 
(Khan et al., 2002). The substitution of anion atoms such as sulfur, fluorine, and 
carbon for oxygen has also been demonstrated to be effective in shifting the 
absorption to the visible region (Li et al., 2005a; Umebayashi et al., 2003; Sakthivel et 
al., 2003).  
 
Most of the metal-ion-doped TiO2 photocatalysts reported so far were 
prepared by using the coprecipitation method, incipient wet impregnation method, and 
sol-gel method (Karakitsou et al., 1993; Di Paola et al., 2002; Piera et al., 2003). In 
the coprecipitation and sol-gel methods, the high-temperature posttreatment and long-
period heating may result in phase separation of the dopant metal ions as respective 
metal oxides to segregate on the surface of the catalyst. Such metal oxides can act as 
an electron-hole recombination center, resulting in decreasing of TiO2 photoactivity. 
In the impregnation method, the substitution of metal ions for oxygen is unlikely to 
occur in bulk TiO2 crystallites, perhaps only on the surface (Grzybowska et al., 2002). 
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The metal-ion implantation method, in which metal ions are accelerated to a high 
kinetic energy to implant into the bulk of TiO2, has been shown to be very effective in 
preparing TiO2 photocatalyst with an enhanced photocatalytic activity under visible 
light irradiation (Anpo et al., 1998). In the first part of chapter 6, the preparation and 
characterization of V-ion-implanted P25 TiO2 photocatalysts and the utilization of the 
photocatalysts for the photodegradation of formic acid diluted in water under visible 
light irradiation( λ > 450 nm) were reported. The V-ion-implanted P25 TiO2 
photocatalysts were characterized by XRD, UV-vis/Diffuse Reflectance, HRTEM, 
and Photoluminescence. 
 
6.1.2 Experimental details 
The V-ion-implanted P25 TiO2 photocatalysts were prepared by the metal ion-
implantation method. The P25 TiO2 photocatalyst (100 mg) was pressed into a wafer 
of 13 mm diameter and 1 mm thickness. The implantation of V ions to TiO2 was 
carried out using an ion-implanter consisting of a metal ion source, mass analyzer, 
and high voltage ion accelerator (150 keV). In this method, metal ions are accelerated 
in the electronic field and injected to the sample target (TiO2 wafer) as the ion beam. 
The metal ions can interact with the sample surface in the different manner depending 
on their kinetic energy. In the ion-implantation, the metal ions are accelerated enough 
to have the high kinetic energy (150 keV) and can be implanted into the bulk of P25 
TiO2. All the catalysts were calcined in O2 at 723 K for 5 h before use.  
X-ray diffraction patterns of the samples were obtained on a Rigaku RAD-γA 
X-ray diffractometer using Cu Kα radiation. UV-vis transmittance spectra were 
recorded on a Shimadzu UV 2200A spectrophotometer at room temperature. 
Photoluminescence spectra of the prepared samples were recorded at 77 K with a 
   Chapter 6. Modification of TiO2 by Ion Implantation method 
 
128 
spectrofluorometer (Spex Fluorolog II) equipped with a Xenon UV-vis-near-IR 
excitation lamp at an excitation wavelength of 285 nm. Surface morphology of the 
prepared samples by HRTEM was carried out via a high-resolution transmission 
electron microscope JEOL JEM-2010F (accelerating voltage 200 kV).  
The photodegradation reaction of formic acid was carried out in a sealed Pyrex 
reaction tube with an aqueous solution of formic acid (1.63 × 10-2 mmol/L, 10 mL) 
using a 500 W Xenon Lamp (SAN-EI XEF-501S) with a cutoff filter (Toshiba glass, 
Y-45, cutoff wavelength; 450 nm) at room temperature. The reaction products were 
analyzed by gas chromatography (Shimadzu GC-14A, Porapak Q 4 m, TCD). 
 
6.1.3  Results and discussion  
The XRD patterns of pure P25 TiO2 and V-ion-implanted P25 TiO2 are shown 
in Figure 6.1. The structure of V-ion-implanted P25 TiO2 is analogous to that of pure 
P25 TiO2, which can be indexed to TiO2 in anatase and rutile phase. No additional 
peaks belonging to separate vanadium oxides are observed. The phase contents of the 
















where χ is the weight fraction of rutile in the powder, and IA and IR are the X-ray 
intensities of the anatase (101) and the rutile (110) phase, respectively (Zhang et al., 
2000). The contents of the rutile phase of the prepared samples were listed in Table 
6.1. After V ions implanted into P25 TiO2, a slight change on IA/IR can be observed 
from Table 6.1. With the increase of the amount of implanted V ions into P25 TiO2, 
the IA/IR was decreased. However, the contents of the rutile phase increased with the 
   Chapter 6. Modification of TiO2 by Ion Implantation method 
 
129 
increase of the amount of implanted V ions into P25 TiO2. This implied that the 
crystallographic structure of P25 TiO2 was changed due to the implantation of V ions. 
The change of crystallographic structure P25 TiO2 may result in the change of 
electronic structure, which enables the absorption edge shift to visible range after V 




Table 6.1. Summary of the physicochemical properties of P25 TiO2 and V-ion-
implanted P25 TiO2 
 
 IA/IR Contents of rutile (%) Bandgap energy 
P25 TiO2 3.559 25.99 3.00 
V-ion-implanted P25 TiO2 
(0.44× 10-7 mol/g · cat V ions) 
8.239 13.17 2.98 
V-ion-implanted P25 TiO2 
(2.20× 10-7 mol/g · cat V ions) 
3.225 27.93 2.92 
V-ion-implanted P25 TiO2 
(6.61× 10-7 mol/g · cat V ions) 



























Figure 6.1. XRD patterns of (a) P25 TiO2 and V-ion-implanted P25 TiO2 with 
different amount of implanted V ions (× 10-7 mol/g · cat): (b) 0.44 (c) 2.20 (d) 6.61 
 
Figure 6.2 shows the UV-vis transmittance spectra of the prepared samples. The 
absorption threshold of P25 TiO2 is 412 nm that corresponds to the band gap energy 
of 3.00 eV. After V ions implanted into P25 TiO2, a significant absorption started 
from 415 nm, exhibited a band-gap value of 2.98 eV. With the increase of the amount 
of implanted V ions, the spectra of V-ion-implanted P25 TiO2 showed a red shift in 
the band-gap transition to longer wavelengths. The origin of the visible spectra of V-
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ion-implanted P25 TiO2 is due to the formation of a dopant energy level within the 
bandgap of TiO2 (Nagaveni et al., 2004). The electron transitions from the valence 
band to dopant level or from the dopant level to the conduction band can effectively 
result in the red shift of the band edge absorption threshold. The vanadium dopant can 
show d-d transition in the visible region. Hence, optical absorption of metal doped 
systems depends on the energy levels of the dopants within the TiO2 lattice, their d 
















Figure 6.2. Transmittance UV-vis spectra of (a) P25 TiO2 and V-ion-implanted P25 
TiO2 with different amount of implanted V ions ( × 10-7 mol/g · cat ): (b) 0.44 (c) 2.20 
(d) 6.61 
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Characteristic platelate of V-ion-implanted P25 TiO2 with the amount of 
implanted V ions of 6.61 × 10-7 mol/g · cat is observed by HRTEM as shown in 
Figure 6.3. The formation of a rounded-shape new phase with the lattice parameters 
of about 0.2 nm is seen under the influence of electron beam of high intensity (200 
kV). It is assigned to the tetragonal vanadia phase (VO2(T)) with the lattice 
parameters of a=b=1.19 nm, c=0.768 nm and d(600)=0.2 nm (Bulushev et al., 2000). 
The measured distance of 0.35 nm between the adjacent lattice fringes can be 
assigned to the interplanar distance (0.352 nm) of anatase TiO2 (101) planes. The 
HRTEM image reveals that vanadium ions were successfully implanted into the 













Figure 6.3. HRTEM image of V-ion-implanted P25 TiO2 pellet with implanted V ions 
of 6.61 × 10-7 mol/g · cat 
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The photoluminescence spectra of the prepared samples are shown in Figure 
6.4. The prepared samples exhibit PL emission peak at 500-650 nm, which can be 
attributed to the surface state such as Ti4+-OH, when excited with light having 
energies larger than the bandgap of the samples. After the implantation of V ions, the 
emission peak of the PL spectra shifted to longer wavelength as more vanadium ions 
are implanted into P25 TiO2 and the peak intensities were decreased monotonically 
with the increase of the amount of the implanted V ions, indicating that the radiative 
recombination was weakened. This quenching behaviour is attributed to the enhanced 
metal-metal interaction at higher concentration (Kang et al., 2003a).  
 
Generally, when semiconductor materials receives energy from the outside, 
the electron from the valence band transfers to the conduction band and strongly 
oxidizes some volatile organic compounds (Kang et al., 2003b). Since excitation was 
carried out under equal adsorption conditions at 285 nm, the decrease in emission 
intensities must originate from the differences in electronic structure of the metal 
doped samples. The observed decrease in the photoluminescence intensity on V-ion-
implanted P25 TiO2 can be attributed to the electron transfer processes from the 
excited state (conduction band) to the new levels introduced by the metal dopants. 
The free hole can recombine with a trapped electron, or a free electron can recombine 
with a trapped hole. These recombination processes can be nonradiative and quench 
the fluorescence. On the other hand, the decrease in emission intensity can also be due 
to the introduction of new defect sites such as oxide ion vacancy (Sooklal et al., 
1996). 
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Visible light irradiation of V-ion-implanted P25 TiO2 pellet in the presence of 
formic acid solution was found to lead to the evolution of CO2 at room temperature. 
However, the quantity of evolved CO2 after visible light irradiation of P25 TiO2 was 
negligible. Figure 6.5 shows the photocatalytic degradation of formic acid diluted in 
water (concentration 15 ppm) over P25 TiO2 and V-ion-implanted P25 TiO2 with 
different amounts of implanted V ions under visible light irradiation (λ > 450 
nm).With increasing the quantity of V ion implanted into P25 TiO2, the quantity of 
evolved CO2 was increased. P25 TiO2 with a quantity of implanted V ions of 6.61 
×10-7 mol/ g-cat shows the highest photoactivity. HRTEM confirms that V ions have 
been successfully implanted into the lattice of P25 TiO2. Photoluminescence (PL) 
spectra showed that the intensity decreased with the increase of implanted V ions into 
P25 TiO2. It is coincident with the photoactivity profiles. Therefore, the higher the 
photoactivity, the lower the intensity of PL spectra is. The quenching behaviour of PL 
spectra of V-ion-implanted P25 TiO2 was due to the interaction of V-V, and it is 
stronger when the concentration of implanted V ions was quite high, compared to the 
low concentration of implanted V ions. Furthermore, with the increase of implanted V 
ions, the radiative recombination was decreased, which promote the separation of the 
























Figure 6.4. Photoluminescence spectra of V-ion-implanted P25 TiO2 with different 
amount of implanted V ions ( × 10-7 mol/g · cat): (a) 0  (b) 0.44 (c) 2.20 (d) 6.61 
 
6.1.4  Conclusions 
In conclusion, V-ion-implanted P25 TiO2 pellet was prepared by ion implantation 
method. The photocatalytic activity of P25 TiO2 for the degradation of formic acid 
under visible light irradiation (λ> 450 nm) was enhanced after V ions implanted into 
P25 TiO2. HRTEM image confirms the existence of V ions as the form of VO2(T), 
which indicates the successful implantation of V ions into the lattice of TiO2. After V 
ion implanted into P25 TiO2, the PL intensity decreased with the increase of the 
amount of the implanted V ions, which indicates that the recombination of electron-
hole pairs was decreased. In addition, the photoactivity of V-ion-implanted P25 TiO2 
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increased with the increase of the amount of implanted V ions. The higher the 














Figure 6.5. Photocatalytic degradation of formic acid diluted in water(concentration 
15 ppm) over (a) P25 TiO2 and V-ion-implanted P25 TiO2 with different amounts of 
implanted V ions(b-d) under visible light irradiation (λ > 450 nm). Amounts of V ions 
implanted (×10-7 mol/ g-cat): (b) 0.44 (c) 2.20 (d) 6.61  
 
 
6.2 V-ion-implanted TiO2 thin film by ion cluster beam method 
6.2.1  Intorudction 
In the first part of this chapter, a metal-ion-implantation was introduced to 
modify the electronic structure of TiO2 so as to make it responsive to visible light. 
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combined with metal-ion-implantation method, was introduced to prepare visible-
light-responsive TiO2 thin film. The purpose of this chapter work is to develop 
visible-light-response TiO2 photocatalyst and meanwhile to address the point of 
separation. This is because if powdered TiO2 photocatalysts are used in aqueous 
solution systems, it is very difficult and costly to separate TiO2 fine powders from the 
suspension systems by a filtration process after the photocatalytic reactions. Since thin 
films prepared on substrates can be easily separated from the aqueous solution 
systems after photocatalytic reactions such as the purification of polluted aqueous 
systems, the utilization of TiO2 thin film photocatalysts would be a better solution 
with a lower cost (Fernandez et al., 1995).  Generally, TiO2 thin films have been 
prepared by the sol-gel method, a wet preparation processes, followed by high-
temperature calcination post-treatment which necessitates the desired mechanical 
strengths or stabilities when supported on various substrates (Zhang et al., 1994; 
Bideau et al., 1995; Arabatzis et al., 2002). The high temperature calcination causes 
potential damages to some porous supports (Takeda et al., 1997; Harada et al., 1999). 
From these various reasons, it is of great significance to prepare and develop unique 
TiO2 thin film photocatalysts which can work efficiently even under visible light 
irradiation while having a high mechanical and physical stability (Anpo and Takeuchi, 
2003; Anpo, 2004).   
 
In this part, a TiO2 thin film photocatalyst, which is responsive to visible light, 
has been developed on a quartz substrate by a combination of the ionized cluster beam 
(ICB) deposition method as a dry preparation process and an advanced metal-ion-
implantation method which can modify the electronic properties of TiO2, and used for 
the photocatalytic complete oxidation (degradation) of formic acid in aqueous 
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solution under visible light irradiation. The prepared TiO2 thin films were 
characterized by XRD, UV-vis, XPS, FE-SEM and AFM. The photocatalytic 
reactivity for the complete oxidation of formic acid dissolved in aqueous solution was 
carried out under visible light irradiation (λ > 450 nm). 
 
6.2.2  Experimental details 
The TiO2 thin films were prepared on a quartz substrate by an ionized cluster 
beam (ICB) deposition method as reported elsewhere (Takeuchi et al., 2000; 
Yamashita et al., 2000).  Ti metal in a crucible was heated up to about 2000 ºC to 
generate Ti vapor, which was introduced into a high vacuum chamber and a low 
pressure O2 atmosphere (10-4 Torr) to produce small TiO2 clusters. These 
stoichiometric TiO2 small clusters were ionized by electron beam irradiation, and then 
these ionized TiO2 clusters were accelerated by a high electric field and bombarded 
onto a quartz substrate to form TiO2 thin film on it (TiO2/Quartz photocatalyst). The 
TiO2 thin film thickness of TiO2/Quartz photocatalyst was easily monitored by a 
quartz thicknessmeter and controlled to be of 300 nm in thickness, which was 
calibrated by consideration of the absorption coefficient of the TiO2 thin films.  
 
Since the TiO2 thin films were prepared in a high vacuum chamber as a dry 
process, the contamination with some impurities can be completely prevented. These 
advantages are very useful to improve the photocatalytic reactivity of the TiO2 thin 
films by changing the thickness etc.  Implantation of V+ ions into the transparent TiO2 
thin films was carried out by using a conventional 200 keV ion implanter. The 
acceleration energy and the amount of V ions were chosen to be 150 keV and 3 × 1016 
ions/cm2, respectively, based on the previous results.  After the V ion implantation, 
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the V ion implanted TiO2/Quartz photocatalyst (size 10 mm × 10 mm × 1 mm) was 
calcined in O2 at 450 ºC for 3 h.  Prior to the photocatalytic reaction of formic acid, 
the catalysts were calcined at 500 ºC and 700 ºC for 5 h (with a heating rate of 3 ºC 
/min).  
The surface topographies of the films were examined with an atomic force 
microscope (AFM; NanoScope III) in the tapping mode to minimize damage of the 
surface structures and to reduce the scratch noises using a single-crystal silicon probe. 
Surface chemical analysis of the films was performed by X-ray photoelectron 
spectroscopy (XPS; AXIS His; Kratos Analytical) using Mg Kα X-ray source (hυ = 
1253.6 eV) and an analyzer pass energy of 40 eV. The microstructures of the films 
were also observed with a field-emission scanning electron microscope (FE-SEM; 
JEOL JSM-6700F). The experiment conditions of the photocatalytic reaction were the 
same as described in the first part of this chapter.  
 
 
6.2.3  Results and discussion 
The crystallographic structures of the TiO2 thin film prepared by an ICB 
deposition method and V ion implanted TiO2 thin films calcined at different 
temperatures were investigated by XRD patterns, as shown in Figure 6.6. All the 
XRD peaks of the TiO2 thin films can be attributed to rutile phase. V ion implanted 
TiO2 thin film calcined at 700 oC for 5 h displays very sharp XRD peaks and the peak 
intensities of this sample were higher than that of the sample calcined at 500 ºC for 5 
h. According to Bragg’s Law, the lattice parameters of the TiO2 thin film calcined at 
500 ºC for 5 h are a = 4.5880 Å and c = 2.9697 Å, respectively.  
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However, only slight changes of the lattice parameters in terms of V-ion-
implanted TiO2 thin films calcined at 500 ºC for 5 h (a = 4.5913 Å and c = 2.9622 Å) 
and calcined at 700 ºC for 5 h (a = 4.5978 and c = 2.9560 Å) were seen. Considering 
that the radii of V4+ ion (0.72 Å) being quite close to that of Ti4+ ion (0.74 Å) in an 
octahedral coordination, V4+ ions are believed to enter and replace Ti4+ sites in the 
lattice of TiO2, resulting in the observed slight changes in the lattice parameters of 
TiO2 crystal (Choi et al., 1994). XPS analyses of the V ion implanted TiO2 thin films 
did not show any significant peaks attributed to VOx species (data not shown here).  
This result is the clear evidence that the implanted V ions exist in the deep bulk inside 














Figure 6.6. XRD patterns of (a) TiO2 thin film calcined at 500 oC for 5 h and V-ion-
implanted TiO2 thin films calcined at (b) 500 oC and (c) 700 oC for 5 h 
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Figure 6.7 shows the UV-vis transmittance spectra of TiO2 thin film and V ion 
implanted TiO2 thin film calcined at 500 ºC for 5 h. These films exhibit high 
transparency and clear specific interference fringes in the visible light regions (Anpo, 
2004).  Thus, it is clearly indicated that the highly transparent and uniform TiO2 thin 
films have been successfully prepared on a quartz substrate by the ICB deposition 
method and the implanted V ions have improved the electronic properties of the TiO2 
thin films, resulting in the shift of the absorption edge towards visible light regions.  
The V ion implanted TiO2 thin films actually showed transparent pale yellow color, 
its extent depending on the thickness, meaning the efficient absorption of visible light.  














Figure 6.7. The UV-vis transmittance spectra of (a) TiO2 thin film calcined at 500 oC 
for 5 h and (b) V-ion-implanted TiO2 thin film calcined at 500 oC for 5 h 
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was performed under visible light irradiation (λ > 450 nm) using the prepared TiO2 
thin films, and their reaction profiles are shown in Figure 6.8. The original TiO2 thin 
film almost did not show any photocatalytic reactivity under visible light irradiation 
even after a prolonged irradiation of 20 h.  However the photocatalytic complete 
oxidation was observed to proceed on the V ion implanted TiO2 thin films under 
visible light irradiation. The photocatalytic reactivity of the V ion implanted TiO2 thin 
films was found to be remarkably enhanced and improved as compared to that of the 
original TiO2 thin film. This indicates that the TiO2 electronic properties had been 














Figure 6.8. Photocatalytic degradation of formic acid diluted in water over TiO2 thin 
Figure 6.8 Photocatalytic degradation of formic acid diluted in water over TiO2 
thin film and V-ion-implanted TiO2 thin films calcined at different temperatures under 
























TiO2 film V-TiO2/ 500oC V-TiO2/ 700 oC
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Ti4+ ion with V4+ ion, shifting its absorption band towards visible light regions, and 
exhibiting the photocatalytic reactivity even under visible light irradiation, as reported 
in the previous papers(Anpo, 2004).  However, if the V ions were doped into TiO2 by 
chemical methods such as the sol-gel and impregnation, the doped V ions formed 
small V-oxide islands in the bulk TiO2 which act as the electron-hole recombination 
centers, and resulting in a dramatic decrease in the photocatalytic reactivity under 
band gap irradiation, as it is well known. Thus, the modification by the ion- 
implantation is not the case, and this physical doping causes a completely different 
modification of the electronic properties of TiO2 photocatalyst from the chemical 
doping. 
In order to clarify the differences of the V ion implanted TiO2 thin films under 
different calcination temperatures in terms of surface parameters, FE-SEM and AFM 
measurements were performed, and their images are shown in Figure 6.9. Compared 
with the morphology of V ion implanted TiO2 thin film calcined at 700 ºC for 5 h, the 
surface of the V ion implanted TiO2 thin film calcined at 500 ºC is more uniform. The 
relevant surface properties such as particle diameter and roughness are reported in 
Table 6.2. It can be seen from Table 6.2 that the V ion implanted TiO2 thin film 
calcined at 500 ºC for 5 h exhibit the lowest roughness, indicating that the surface of 
the V ion implanted TiO2 thin film is more regular than that of V ion implanted TiO2 
thin film calcined at 700 ºC for 5 h. When the calcination temperature was 700 ºC, the 
particle size of the V ion implanted TiO2 thin film increased. The V ion implanted 
TiO2 thin film calcined at 700 ºC for 5 h exhibits a morphology of mixed small and 
elongated hexagonal dipyramid, in which the particle size is not uniform. The AFM 
image of the V ion implanted TiO2 thin film was in a good accordance with the FE-
SEM image. The roughness of the V ion implanted TiO2 thin film calcined at 700 ºC  
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for 5 h was 10.5 (given by AFM software), larger than that of TiO2 thin film calcined 
at 500 ºC for 5 h. Although the photocatalytic reactivity of the TiO2 thin film 
increased remarkably by the implantation of V ions, the calcination temperature is 
also believed to be an important factor to modify and improve the photocatalytic 




Figure 6.9. FE-SEM micrographs (A-B) and AFM images (a-b) of V-ion-implanted 
TiO2 thin films calcined at 500 oC for 5 h (A, a) and 700 oC for 5 h (B, b) 
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Table 6.2. Particle diameter and roughness of V-ion-implanted TiO2 thin film 
 
V-ion-implanted  
TiO2 film (500 oC 5h) 
V-ion-implanted 
TiO2 film (700 oC 5h) 
Min. particle diameter (nm) 15 230 
Max. particle diameter (nm) 325 779 
Mean particle diameter (nm) 89 493 





6.2.4  Conclusions 
In conclusion, TiO2 thin film photocatalysts, which are environmentally friendly, have 
been successfully prepared on a quartz substrate by a combination of an ionized 
cluster beam (ICB) deposition method and a metal-ion-implantation method. The V 
ion implanted TiO2 thin films was found to work as an efficient photocatalyst under 
visible light irradiation (λ > 450 nm) for the complete oxidation of formic acid diluted 
in water. The origin of an enhancement of photocatalytic reactivity of the V ion 
implanted TiO2 thin film was attributed to the modification of the electronic 
properties of TiO2 thin film photocatalyst by the efficient substitution of the lattice Ti 
ions with V ions by ion-implantation, a physical doping method, which allows the 
doping of V ions with a high dispersion state.  
 




CHAPTER 7  
Simulation of a Taylor Vortex Photoreactor for the 
Degradation of Organic Pollutants  
7.1  Introduction 
Semiconductor photocatalysis has received an increasing attention for water 
purification in recent years due to its intriguing advantages over other traditional 
water purification processes. In the past few years, a large number of research papers 
have been published based on laboratory studies, which showed promising results 
over wide range of organic pollutants in water (Lergini, 1993). Despite the appealing 
features of semiconductor photocatalysis process and positive laboratory results, the 
development of a practical water treatment system has not been achieved due to the 
limitations in the design of photocatalytic reactor. There are several factors that 
impede the design of an effective photocatalytic reactor. Illumination of catalyst is the 
most important engineering factors since the amount of catalyst that can be activated 
determine the capacity of the reactor. This is in addition to the conventional reactor 
design factors such as mixing, reaction kinetics, mass transfer, catalyst fixing, 
temperature control, etc. The high degree of interaction among the various transport 
processed lead to a strong coupling of physiochemical phenomena and this is one of 
the major barriers in the design and development of a large-scale water purification 
system based on photocatalysis. 
Photocatalytic reactions take place on the surface of the solid catalyst particles 
that usually constitute a discrete solid phase distributed within the fluid phase. 
   Chapter 7. Simulation of A Taylor Vortex Photoreactor 
 
126 
Moreover, CO2 is formed during reaction. Therefore, all three phased (solid, liquid 
and gas) coexist within the reaction system. The solid catalyst particles can either be 
dispersed in the liquid as slurry or can be immobilized onto the reactor surfaces. 
However, the use of suspension requires recovery and recycled of ultrafine solid 
catalyst particles from the treated liquid, which can be a problematic, time consuming 
and expensive process. To avoid such difficulties, reactors can be designed in which 
solid catalyst particles are immobilized onto a fixed surface such as reactor wall. 
However, immobilization of catalyst on supports creates its own problems 
(Periyathmby and Ray, 1999). The accessibility of the catalytic surface to photons and 
pollutants significantly influence the overall degradation rate. Moreover, 
concentration level of pollutant is low, and therefore, there is an increased diffusion 
length of pollutant from bulk solution to the fixed catalytic surface. These problems 
lead to lower degradation rate when catalyst is immobilized compared with the 
suspended system (Mathews, 1992). 
In the design of fixed bed photocatalytic reactors, one must address two issues, 
namely, uniform distribution of light and mass transfer of pollutants to the catalytic 
surface. Earlier research results from our group, either in experimental results or 
simulation results revealed that photocatalytic reactions are primarily diffusion (mass 
transfer) controlled when catalyst is fixed. The photocatalytic reactions take place on 
the fluid-catalyst interface, and in most cases, the overall rate of reaction is limited to 
the transfer of pollutant to the catalyst surface. In this thesis work, a new 
photocatalytic reactor is designed where increase of degradation rate is achieved 
through the introduction of flow instability. We considered unsteady Taylor-Couette 
flow in between two coaxial cylinders where inner cylinder coated with TiO2 catalyst 
is rotated at different speed to achieve the desired instability. 
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7.2  Taylor-Couette flow and flow instability 
Fluids confined within the annular space of a pair of coaxial cylinders suffer 
centrifugal instability when the inner cylinder rotates differentially with respect to the 
outer one. This instability appears as a series of counter rotating vortices in the 
annular gap(shown in Figure 7.1). Taylor (1923) in his pioneering work was the first 
to observe experimentally and later quantitatively predicted this instability when the 
inner cylinder reaches a critical speed. The azimuthal Taylor-Couette flow becomes 
instable and is replaced by cellular pattern in which the fluid travels as a series of 
circumferential toroidal vortices known as Taylor-Couette vortices when the speed of 
the inner cylinder is increased beyond the critical value. The critical speed of the inner 
cylinder at the onset of the Taylor instability depends on the aspect ratio (ratio of 
length to the annular gap) and the kinematic viscosity of fluid. If the inner cylinder 
speed is increased further, the flow system exhibits a sequence of time-dependent 
stable vortex flow regimes as well as complicated patterns in the wide transition 
region between the laminar Couette flow and the turbulent vortex flow. Kataoka et al. 
(1986) observed different flow pattern at different rotation speed and the observed 
flow region mentioned by them as Laminar Taylor Vortex Flow (LTVF), Singly 
Periodic Wavy Vortex Flow (SPWVF), Doubly Periodic Wavy Flow (DPWF), 
Weakly Turbulent Wavy Vortex Flow (WTWVF), and Turbulent Vortex Flow (TVF). 
Coles (1965) investigated systematically the wavy vortex flow and found that there 
are several distinct stable flow states depending on the path through which final 
(steady-state) Reynolds number is reached. This suggests non-uniqueness of the flow 
pattern or the possibility of existence of multiple solutions.  
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Raleigh (1920) was the first to deduce the criteria of centrifugal instability 
where he stated that an inviscid rotating flow is unstable if the energy of the rotating 









Figure 7.1 Flow configuration of Taylor vortices in the annular gap. 
 
cylinder is held at stationary and the inner cylinder is rotated, the fluid near the inner 
cylinder experiences a centrifugal force while the fluid near the outer cylinder 
experiences the presence of stationary wall. In such an unstable condition, the annulus 
is filled with a pair of counter-rotating vortices, as can be seen from Figure 7.2a and 
7.2b. Figure 7.2b shows the formation of a boundary layer on the inner surface. 
Moreover, it shows that the boundary layer oscillates periodically between almost 
zero thickness to a maximum between the counter-rotating vortex pair, where the two 
shear layers approaching each other spew out a jet of fluid toward the outer wall. If 
the rotation is increased more, the centrifugal force overcomes the stabilizing viscous 
flow and these two opposing forces create instability by creating series of pair of 
counter rotating vortices where the diameter of an individual vortex is approximately 
equal to the annular gap. In other words, stability is ensured if  





 > 0                                                                                         (7. 1) 
According to Taylor, the flow instability is observed when the Taylor number exceeds 
a critical value where Taylor number is defined by geometrical parameters and the 



































Figure 7.2 (a) Schematic presentation of streamlines in vertical cells, and (b) radial 
mass transfer in Taylor-Couette flow. 
(a) 
(b) 
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where Re=riωd/ν, ri is the inner radius, ω is the inner cylinder rotational speed, d is the 
annular gap and ν is the kinetic viscosity. 
The fluid particles in their motion around the toroidal vortices come 
periodically into contact with the inner surface where the catalyst is immobilized, and 
in the presence of light, the catalyst is activated, resulting in the occurrence of the 
redox reaction. The residence time of the particles in the illuminated region is thus a 
function of the angular velocity of the recirculating vortex as well as the size of the 
vortex. The latter depends on the gap size and the number of vortices formed in a 
given length of the reactor. However, the situation can be different if the Taylor 
vortices are established in a reactor of short length. Experiments carried out by 
Burkhalter and Koschmieder (1973) have revealed that the axial wavelength of the 
Taylor vortices for finite cylinders are different from those predicted by stability 
theory for singly periodic Taylor vortices in infinitely long cylinders. Furthermore, 
the effective wavelength also depends on the end-cap boundary conditions. Andereck 
et al. (1986) pointed out that there could be many flow states, which could be 
distinguished by their symmetry under rotation and reflection, i.e., their azimuthal and 
axial wavenumbers. This has been attributed to the existence of multiple stable 
solutions of the governing Navier-Stokes equation for flows far from equilibrium. 
7.3  Problem formulation and grid generation 
The commercial software Fluent was employed in solving the three-
dimensional Navier-Stokes equation governing the flow. The flow was considered 
laminar and no simplifications were made regarding symmetry or reflection of the 
solution in solving the governing equations. An unsteady state solution was also 
assumed in the computation. 
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7.3.1 Geometric configuration of the photoreactor 
Dimensions of the reactor are identical to the dimensions of the reactor of 
Werely and Lueptow (1998). The dimensions were chosen so as to correspond to the 
Reynolds number of 253 observed experimentally by Werely and Lueptow (1998). 
The schematic of the reactor is shown in Fig 7.3. The measurements of the reactor 
dimensions are presented in Table 7.1. The rotation speed is varied is varied while 
keeping the dimensions of the reactor constant. 
Figure 7.3 Schematic diagram of the Taylor vortex reactor 




Table 7.1 Geometric dimensions and conditions used for different simulation runs 
Specification Case 1 Case 2 Case 3 
Length, L, m 0.4245 0.4245 0.4245 
Inner radius, ri, m 0.0434 0.0434 0.0434 
Outer radius, ro, m 0.0523 0.0523 0.0523 
Annular gap, d, m 0.0089 0.0089 0.0089 
Aspect ratio, L/d 47.70 47.70 47.70 
Rotation speed, Ω, rad/s (rpm) 0.655 (6.25) 0.984 (9.39) 1.638 (15.65) 
Volume of liquid treated, VL , m3 1.136 × 10-3 1.136 × 10-3 1.136 × 10-3 
Illuminated Surface area, A, m2/m3 102 102 102 
Reynolds number, Re 253 380 633 




7.3.2 Grid generation procedure 
The Fluent preprocessor Gambit was used to create the geometry and generate 
the grid. To enhance the mapping of the grid from the upper wall to the bottom wall, 
the total geometry was separated into two volumes by a brick. Two interior planes 
were created by this process within the annular space, which were used to display the 
results of upon post processing. 
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As high-shear regions existed near the inner cylinder wall, the outer cylinder 
wall, and the end-cap regions, axial and radial derivatives of all physical variables 
across such layers are larger than the corresponding derivatives in the azimuthal 
direction. Consequently, more grid points were thus taken in the axial and radial 
directions compared to the azimuthal direction. These extra grid points were created 
by having a more clustered grid near the inner and outer wall and at the two ends. 
 
7.3.3 Features of grid 
Grid points along the three directions were taken as follows: r × θ × h = 100 × 
40 × 75. Mesh volumes and nodes generated for the simulation are as follows: There 
were 0.3 million hexahedral cells, 910 000 quadrilateral faces. The total number of 
nodes was 310 080. A coarse grid simulation was run in this study. Results from 
Sengupta et al.(2001) showed that although the plotted contours between the fine and 
coarse grid simulations showed small differences at very early times (10 s), they are 
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7.3.4 Mathematical formulation 
The performance of the reactor depends on the photo-efficiency of the 
photocatalytic process, as well as on the mass transfer efficiency of the fluid from the 
vicinity of the rotating inner cylinder to the stationary outer cylinder and back within 
a single Taylor–Couette vortex. The latter depends on the primary instability of the 
flow in establishing the vortical roles. This instability and associated mass transfer 
between neighboring roles through the wavy vortex flow. This has been shown to be a 
strong function of Reynolds number by Werely and Lueptow (1998). In the present 
computation, same geometric parameters are chosen including the aspect ratio (AR = 
L/D). The flow was started impulsively for the practical operation of the reactor in the 
shortest possible time period. For such an operation, the transient mass transfer 
depends strongly on the vortices that are formed at the initial times near the fixed end 
caps of the reactor. An incompressible viscous fluid contained in the gap between two 
cylinders of radii ro and ri, and height h was considered in the computation. The flow 
inside the reactor is driven by the rotating inner cylinder with low rotation rates. The 
outer cylinder is held fixed and cylindrical coordinates (r, θ, z) was utilized. The flow 





  (7.3)       
0=⋅∇ u     (7.4)       
where u is the fluid velocity and p  is the pressure. The density ρ  and the kinematic 
viscosity v  are constant. In addition, isothermal conditions can be assumed for the 
flow evolution. The boundary conditions for u are the no-slip conditions so     
0== zr uu , ( )tru iiΩ=θ  at irr = .                    (7.5a) 
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where ( )tiΩ  is the instantaneous rotation rate of the inner cylinder. On the outer 
cylinder (r = r0) and the end-caps (y = 0 and L): 
0=== zr uuu θ  at orr =                                    (7.5b) 
 As the simulation is for the impulsive start of rotation of the inner cylinder  
( ) 0:0 =Ω≤ tt i    (7.6a)      
( ) Ω=Ω> tt i:0    (7.6b)      
where Ω  = 0.655 rad/s. The equation (7.3) and (7.4) are solved subject to the 
boundary conditions and initial conditions defined in equations (7.5) and (7.6) within 
the annulus between the cylinders as shown in Figure 7.3. In computing the flow no 
specific symmetry of the geometry was considered, i.e., full three-dimensional flow 
was solved although the geometry is axis-symmetrical. If the flow is indeed axis-
symmetrical the solution would depict the same and this viewpoint was adopted in 
solving and interpreting the solution. In the same way the time accurate solution was 




In order to solve the continuity and momentum equations, the segregated 
solver option is chosen. The governing equations are solved in a sequential manner by 
Control-volume-based technique executed by this solver comprising of the following 
three steps: 
(a) The computing domain is discretized into discrete control volumes using a 
computational grid.  
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(b) The governing equations were then integrated for each computational cell to 
construct algebraic equations for the discrete dependent variables such as 
velocities, pressure, temperature and conserved scalars.  
(c) The discrete equations are linearized and then solved to yield updated values 
of dependent variables.  
Finite-volume discretization process is used for segregated solver. The solver 
uses finite volume method in solving the Navier-Stokes equation. The successful 
solution of Navier-Stokes equation requires adequate representation of the nonlinear 
convection terms in the governing equation. Several iterations of the solution loop 
must be performed before a converged solution is obtained, as the governing 
equations are nonlinear.  For the discretization process, the QUICK scheme was used 
for the momentum equations. The QUICK scheme was preferred compared to the 
other alternative schemes in the solver options as this is a higher order accurate 
scheme with minimum numerical dissipation that is implicit with the discretization.   
QUICK scheme for computing a higher-order value of the convected variable 
φ  at a face for quadrilateral and hexahedral meshes are used, where unique upstream 
and downstream faces and cells can be identified. QUICK-type schemes are based on 
a weighted average of second-order-upwind and central interpolations of the variable. 
For the face e in Figure 7.5, if the flow is from left to right, such a value can be 
written as:  
   (7.7) 
 
 










Figure 7.5 One dimensional Control Volume discretized by QUICK scheme 
θ = 1 in the above equation results in a central second-order interpolation while θ = 0 
yields a second-order upwind value. The traditional QUICK scheme is obtained by 
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7.4  Results and discussion 
7.4.1 Analytical stations 
The equations are solved subject to the boundary conditions and initial 
conditions within in annulus between the cylinders. Six observations stations were 
taken to analyze behavior of different properties along the region as shown in Figure 
7.6. The results are shown in Figure 7.7 - 7.9, in the radial-axial plane and along the 
three sets of horizontal (H1 – H3) as well as vertical lines (V1 – V3) as indicated.   
 
The following non-dimensionalization is used in the following investigations. 
The annulus gap, d, is used as length scale while the speed (Ω ri) imposed on the 
cylinder surface is used as the velocity scale. The dimensionless time scale t* [≡d/(Ω 
ri)] is used. 
7.4.2 Top down symmetry of Taylor-Couette flow 
In order to minimize computational effort, in the computation of wavy vortex 
flow, an assumption of the shift-and-reflect symmetry is made. This means, with 
respect to a vortex boundary, vortex at a particular location after a certain time (half 
of one whole cycle), is identical as previous. This assumption assumes the existence 
of a single time scale in the variation such that the space-time variation can be related 
to the phase speed of the wave. This is investigated by plotting the dimensionless 
axial velocity in the radial direction at two axial locations situated symmetrically 
about the central axial location. The plotted velocity at different non-dimensional 
times indicate 
 














Figure 7.6 Location of the observation stations in the annular region to analyze flow 
behavior. d* = 0 (rotating inner cylinder), d* = 1 (stationary outer wall), y* = 0 
(bottom), y* = 1 (top). 
 
these two velocity fields to be completely out of phase indicating a complete top-
down symmetry of the field as well as the above shift and reflect symmetry.      
7.4.3 Axisymmetry of Taylor-Couette flow 
The observation of axisymmetry of flow behaviors between two sides of the 
annulus is carried out here. Axisymmetry between two sides of the flow is shown in 
Figure 7.8 with the help of axial velocity contour at t* = 495. In a particular position, 
the contours magnitude and direction of the flow is similar in both sides of inner 
cylinder in Figure 7.8 that supports the view of axisymmetry of flow structure and 
quantities of velocity components.  
d* = 0 
y* = 0 
Inner wall Outer wall 















































Figure 7.7 Plot of dimensionless axial velocity vs dimensionless radail co-ordinate (a) 
At 11.8% height from bottom, (b) at 11.8% below from top. Top down reflect 























Figure 7.8 Axisymmetry between two sides of inner cylinder is shown with the aid of 
axial velocity contour in the botton 50% of height (t* = 495) 
 
7.4.4 Comparison of axial velocity contours 
In Figure 7.9 the contours of the axial velocity in the annular region of 11.8% 
from the bottom of the reactor are shown for three different Reynolds number. The 
purpose of this is to compare the vortex profile when Reynolds number is varied and 
to elucidate the effect of Reynolds number on the flow establishment. It can be seen 
that the number of vortices are maximum when the Reynolds number is 2.5 times (Re 
= 633) compared to the reference case (Re = 253). Moreover, we see that when Re is 
2.5 times that of the reference case, instability is more established throughout the 
entire region. The vortices at the top are more developed as compared to the other 2 
cases. The following is observed for case 3 in comparison to cases 1 and 2. 
 
 















Figure 7.9 Contours of axial velocity between y* = 0 (bottom) and 0.118 (top) at t = 
330s for three different Reynolds number, (a) 253, (b) 380 and (c) 633. The right 
boundary is the inner rotating cylinder.  
 
 
(a) It reaches a steady state faster. 
(b) Number of vortices per unit length is more. 
(c) The intensity of both the axial and radial component is higher than the 
other 2 cases. 
 
The results from this simulation were found to be contrary to the conclusion 
made by Werely and Lueptow (1998) who have that the degree of transfer of fluid is 
greater at Reynolds number equal to 253 than at either higher or lower Reynolds 
number. This deviation from the experimental results is probably due to the impulsive 
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start of the simulated reactor as opposed to the quasi-static start in the experimental 
case.   
 
 
7.4.5 Change of axial velocity with radial coordinate 
In Figure 7.10(a)-(c), the axial velocity as a function of dimensionless radial 
coordinated is plotted for various time instants at the observation stations H1, H2, H3. 
When the velocity profile for the three cases are compared, it was observed that the 
velocity magnitudes of case 3 are almost 2.5 times higher than for case 1 and 2 times 
higher for case 2.  Magnitude of axial velocity towards both walls is much higher than 
the magnitude in the middle radial position. Positive and negative magnitude of axial 
velocity indicated flow propagation toward wall and out of the wall consequently. It is 
also observed that the axial velocities demonstrate that the Taylor-Couette vortices 
move faster toward the middle region when the Re is higher. In general, the middle 
section, H2 (y* = 0.5), the axial velocity is observed to be the smallest in magnitude 
(by up to 4 times as compared to Figure 7.8c) when compared with the other 
observation stations. There is also not much change of axial velocity components 









































































Re = 250 Re = 380 Re = 633
 
Figure 7.10(a) Change of axial velocity with dimensionless radial coordinate at H1, H2 
and H3 for t* = 330. 
 
 


































































Re = 250 Re = 380 Re = 633
 
Figure 7.10(b) Change of axial velocity with dimensionless radial coordinate at H1, H2 
and H3 for t* = 412.5. 
 
 


































































Re = 250 Re = 380 Re = 633
 
Figure 7.10(c) Change of axial velocity with dimensionless radial coordinate at H1, H2 
and H3 for t* = 462. 
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7.4.6 Change of radial velocity with radial coordinate 
The radial component of velocity is plotted in the annular gap at the three 
heights at three different non-dimensionless times as shown in Figure 7.11(a)-(c). 
Figure 7.11a and Figure 7.11c show that for case 2 an outflow of fluid towards the 
outer wall at all indicated times while Figure 7.11b displays an outflow. Inflow occurs 
for case 1 in Figure 7.11a and Figure 7.11c. One interesting case observation is that 
case 3 is on a transition from inflow to outflow of fluid as shown in Figure 7.11b. The 
rate of change for case 3 at the two ends is much slower than for either case 1 or 2 as 
indicated by Figure 7.11a and Figure 7.11c, implying that the flow will reach steady 
state faster when Re = 633. Once again at H2, the magnitude of the velocity is the 
smallest as seen in Figure 7.11b. Similarly, there is also not much change of radial 











































































Re = 253 Re = 380 Re = 633
 
Figure 7.11(a) Change of radial velocity with dimensionless radial coordinate at H1, 
H2 and H3 for t* = 330  
 
 


































































Re = 253 Re = 380 Re = 633
 
Figure 7.11(b) Change of radial velocity with dimensionless radial coordinate at H1, 
H2 and H3 for t* = 412.5  
 
 


































































Re = 253 Re = 380 Re = 633
 
Figure 7.11(c) Change of radial velocity with dimensionless radial coordinate at H1, 
H2 and H3 for t* = 462  
 
 




7.4.7 Change of axial and radial velocity with axial coordinate 
In Figure 7.12(a)-(c), axial velocity is plotted along eh axial direction at 
observation stations V1, V2 ad V3. For all cases at smaller times, the Taylor-Couette 
vortices are formed at the end and as time progresses, more and more of these are 
formed covering the middle part. Of particular interest is the plot of the axial 
velocities in the middle of the annulus at V2. If indeed the vortices formed were like a 
plug flow then this velocity component along this line would have been zero. The 
very fact that the velocity component alternates in sign is indicative of the fact that the 
vortex centres not only execute axial waviness, but also shows significant radial 
motion. Werely and Lueptow (1998) also observed this experimentally where they 
showed such motions for all Reynolds numbers between 131 and 1221. It is also 
important to note that at higher Re, the vortices move faster to the middle of the 
annulus, as depicted in Figure 7.12 and Figure 7.13. This is of great importance as the 
faster movement and formation of vortices in the entire reactor is the basis for the 














































































Re = 253 Re = 380 Re = 633
 
Figure 7.12(a) Change of axial velocity with dimensionless axial coordinate at V1, V2 
and V3 for t* =330  
 
 









































































Re = 253 Re = 380 Re = 633
 
 
Figure 7.12(b) Change of axial velocity with dimensionless axial coordinate at V1, V2 
and V3 for t* = 412.5  
 









































































Re = 253 Re = 380 Re = 633
 
 
Figure 7.12(c) Change of axial velocity with dimensionless axial coordinate at V1, V2 
and V3 for t* =462 
 










































































Re = 253 Re = 380 Re = 633
 
Figure 7.13(a) Change of radial velocity with dimensionless axial coordinate at V1, V2 
and V3 for t* = 330 
 
 










































































Re = 253 Re = 380 Re = 633
 
Figure 7.13(b) Change of radial velocity with dimensionless axial coordinate at V1, V2 
and V3 for t* = 412.5 
 
 










































































Re = 253 Re = 380 Re = 633
 
Figure 7.13(c) Change of radial velocity with dimensionless axial coordinate at V1, V2 
and V3 for t* = 462 
 
 




7.4.8 Flow development with time with respect to axial velocity 
In Figure 7.14(a)-(c), the detailed velocity vectors are shown for the top half 
of the reactor (y* = 0.5 – 1.0) in the radial plane at different times. The segment 
between 50 and 70% of the reactor is shown on top, the segment between 70 and 85% 
is shown in the middle and the remaining segment of the top half is shown on the 
right. There are regions along the height where one can see a jet-like flow-starting 
from the inner wall moving towards the outer wall due to centrifugal action. In the 
segment between y* = 0.85 and 1.0, significant mixing of fluid is noticeable due to 
the formation of coherent vortices. The velocity vectors clearly show recirculating 
rolls, although the axial lengths vary significantly because of end-wall effects. Also in 
this segment, apart from the jetlike regions, one can also see small axial regions where 
a flow is established from the outer to the inner wall. However, this can not cover the 
entire radial gap because of centrifugal force acting on the fluid particles near the 



































Figure 7.14 (a) Velocity vectors shown in the radial plane for y* = 0.5-0.7 at various 




y* = 0.50 
t* = 330 t* = 420 t* = 545 
y* = 0.70 





















Figure 7.14 (b) Velocity vectors shown in the radial plane for y* = 0.7 – 0.85 at 
various times. Right side indicates the rotating inner wall (d* = 0) 
 
y* = 0.85 
y* = 0.70 
t* = 330 t* = 420 t* = 545 






















Figure 7.14 (c) Velocity vectors shown in the radial plane for y* = 0.85-1.0 at various 




y* = 1.0 
y* = 0.85 
t* = 330 t* = 420 t* = 545 
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7.5  Conclusion 
Photocatalysis offers the promise of environmentally friendly technology that is able 
to completely mineralize toxic substances present in waste water. However, an 
industrial application of this lab-scale prototype is still limited due to the lack of 
effective design coupled with complex kinetics of photochemistry. An analysis for a 
heterogeneous photocatalytic Taylor vortex reactor that uses flow instability to 
recirculate fluid continually form the vicinity of the rotating inner cylindrical surface 
to the stationary outer cylindrical surface of an annulus has been studied in this 
chapter. The reactor was started impulsively and water was used as the working fluid. 
It was observed that greater Reynolds number offered better mixing as the number of 
vortices per unit length is more and the magnitude of both the axial and radial 
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CHAPTER 8  
Conclusions and Recommendations 
8.1  Conclusions 
In this thesis work, a couple of preparative methods were used to modify TiO2 
with a primary objective of lowering the bandgap energy of TiO2 to effectively utilize 
light. A wide range of instrumental analysis techniques were used to characterize the 
modified TiO2 samples. The photocatalytic properties of the samples for different 
kinds of organic compounds under both visible and UV light irradiations were 
investigated. The experimental results collected in this thesis work demonstrate that 
all of the physical and chemical preparation methods used in this work can modify the 
electronic structure of TiO2. The results provide substantial evidences on the increase 
in the photocatalytic activity of TiO2 upon modifying its electronic structure, 
especially under visible light irradiation. The conclusions that have been drawn from 
this thesis work are summarized below.  
• A modified sol-gel method was applied to prepare metal-doped TiO2 
photocatalysts. It was found that Ga-doped TiO2 exhibited the highest 
photocatalytic activity for the degradation of benzoic acid illuminated by UV 
light. The enhancement of the photoactivity is attributed to the good dispersion of 
gallium dioxide over the surface of TiO2, which also functions to lower the 
recombination of the electron-hole pairs.  
• A one-pot hydrothermal synthesis method was adopted to synthesize F-doped 
TiO2 hollow microspheres with a flowerlike morphology. The photoactivity 
results by the degradation of methylene blue under visible light irradiation (λ > 
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420 nm) showed that flowerlike F-doped TiO2 hollow microspheres prepared at 
180 oC exhibited the highest activity, which can be ascribed to its perfect 
crystalline structure with fewer defects, the centers for photogenerated electron-
hole recombination. It was found that the formation of the flower-like F-doped 
TiO2 can be attributed to homogeneous nucleation, which indicates that the new 
TiO2 particles were formed on the existing TiO2 particles, and the formation of 
hydrogen bond between titanol groups existed on the surface of TiO2 and HF 
generated by hydrothermal reaction. The formation of hollow interiors of F-doped 
TiO2 must involve the Ostwald ripening process. XPS investigation confirmed 
that F was doped into TiO2 lattice by substituting oxygen atoms.  
• A simple solid-state reaction method was adopted to synthesize polycrystalline 
Bi12TiO20 photocatalyst, which was found to be responsive to visible light 
irradiation below 500 nm. It was also found that the high photocatalytic activity of 
a Bi12TiO20 sample prepared at a molar ratio of Bi2O3/TiO2 = 2 is to do with (1) its 
crystal structure, in which Bi-O polyhedra serves as electron donor sites, thus 
enhancing electron transfer; (2) the existence of two mixed cubic crystalline 
Bi12TiO20 phases; and (3) its special band structure, in which hybridization of Bi 
6s with O 2p increases the mobility of photogenerated electrons and holes. 
• An ion implantation method was used to prepare V-ion-implanted P25 TiO2 
pellets and thin films. The photoactivity of the V-ion-implanted P25 TiO2 
increased with the increase of the amount of implanted V ions. It was found that 
the PL intensity decreased with the increase of the amount of the implanted V 
ions, indicating that the recombination of electron-hole pairs was retarded. For the 
thin film photocatalysts, the origin of an enhancement of photocatalytic reactivity 
of the V ion implanted TiO2 thin film is attributed to the modification of the 
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electronic properties of TiO2 thin film photocatalyst by the efficient substitution 
of the lattice Ti ions with V ions by ion-implantation, a physical doping method, 
which allows the doping of V ions with a high dispersion state.  
• Finally, a Taylor Vortex Photoreactor was designed and simulated using a 
commercial software FLUENT®, which consists of two concentric cylinders. 
When the inner cylinder is rotated, Taylor-Couette flow is generated within the 
annulus of the cylinder. Taylor Vortex Photoreactor uses flow instability to 
recirculate fluid continually from the vicinity of the rotating inner cylindrical 
surface to the stationary outer cylindrical surface of an annulus. The reactor was 
started impulsively and water was used as the working fluid. It was observed that 
greater Reynolds number offered better mixing as the number of vortices per unit 
length is more and the magnitude of both the axial and radial component was 
higher. 
8.2  Recommendations 
One of the future endeavors in this topic is suggested to focus on the 
elucidation of the mechanisms underlying the observed increase in photocatalytic 
activity of the modified TiO2 photocatalysts prepared in this work. For the reaction 
mechanism study, laser technology is very useful and indispensable to detect the 
transient lifetime of photoinduced electrons and holes. For example, ESR (electron 
spin resonance) should be used to obtain information of the photogenerated electron 
and hole when illuminating the photocatalyst.  If condition permitted, it is better to 
monitor the photocatalytic reaction by ESR. Other on-line apparatus, such as on-line 
FTIR, FTRaman and UV-vis/DRS are all useful for the detection of photogenerated 
electron and hole. 
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It is evident for the Taylor Vortex photoreactor that flow instability generated 
in the reactor offers better circulation of fluid that enhances mass transfer of the fluid 
particles towards the inner wall where degradation of pollutants will take place. To 
get optimum reactor configuration, further investigations on the modification of the 
photoreactor may be carried out, for instance, grooves may be etched on the inner 
cylinder and baffles may be added to the outer cylinder to achieve greater mixing and 
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0 1 1 1 1 1 1 1 
15 0.647 0.6464 0.6216 0.6327 0.8116 0.7798 0.8018 
30 0.4314 0.3643 0.2566 0.3332 0.6634 0.6096 0.6911 
45 0.184 0.1395 0.0392 0.1363 0.4922 0.4344 0.5863 








































0.5%    
Ga-TiO2 
1%       
Ga-TiO2 
0 1 1 1 1 1 1 
15 0.647 0.6464 0.5996 0.6216 0.654 0.7538 
30 0.4314 0.3643 0.311 0.2556 0.3885 0.5448 
45 0.184 0.1395 0.1124 0.0392 0.1462 0.3275 




























Table A.3 Data for figure 4.8 
MB concentration (ppm) 
Irradiation 
Time (h) 
No catalyst P25 140 oC         
F-TiO2 
180 oC       
F-TiO2 
220 oC         
F-TiO2 
-0.5 15 15 15 15 15 
0 14.847 14.787 14.186 12.932 13.611 
0.5 14.847 14.657 14.109 12.129 - 
1 14.777 14.619 13.553 11.092 13.314 
2 14.637 13.65 13.437 9.589 12.152 
3 14.624 13.237 13.056 8.151 10.544 
4 - 12.591 12.979 7.308 9.33 
5 14.567 12.41 12.946 6.291 8.381 
6 - - 12.83 - 6.483 
7 14.56 12.294 12.746 3.881 4.746 




















Table A.4 Data for figure 4.9 
Ln (C/C0) Irradiation 
Time (h) 140 
oC  F-TiO2 180 oC F-TiO2 220 oC F-TiO2 
0 0 0 0 
0.5 0.0054 0.0641  
1 0.0456 0.1535 0.0221 
2 0.0542 0.2991 0.1134 
3 0.083 0.4616 0.2553 
4 0.0889 0.5707 0.3776 





























Table A.5 Data for figure 5.7 


















Table A.6 Data for figure 5.8 









Table A.7 Data for figure 5.9 
Wavelength (nm)  
λ > 420 λ > 440 λ > 480 λ > 500 
Yield of CO2 
(ppm) 






Table A.8 Data for figure 6.5 
Yield  of CO2 (µmol•g-cat-1) 
Irradiation 
Time (h) 






0 0 0 0 0 
5 0.5584 3.6585 15.4231 29.6885 
10 0.8213 5.2316 17.1163 35.2386 
15 1.0094 6.7865 19.0846 41.6621 
20 1.1414 7.1352 20.6408 47.5863 
 
 
Table A.9 Data for figure 6.8 
 
TiO2 film V-TiO2/500 oC V-TiO2/700 oC 
Yield  of CO2 
(µmol) 
0.1132 4.1574 1.5268 
 
 
 
